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Abstract
Thesis submitted by David Jones for the Degree of Doctor of Philosophy at The Uni-
versity of Manchester and entitled “The Influence of Central Star Binarity on the Mor-
phologies of Planetary Nebulae”. April 2011.
Central star binarity is often invoked as the main driver behind the shaping of as-
pherical planetary nebulae, however observational support for this hypothesis is lack-
ing. This work presented in this thesis attempts to observationally test this theory by
investigating the relationship between central star binarity and nebular morphology for
several planetary nebulae. The discovery of six new binary central star systems is also
reported.
A detailed spatio-kinematical analysis of Abell 41 was performed, showing the
nebula to have a bipolar morphology waisted by a toroidal structure, the symmetry
axis of which is found to be perpendicular to the plane of the central binary. This
alignment is exactly as predicted, indicating that the central binary, MT Ser, has played
a significant role in shaping Abell 41. This is only the second planetary nebulae to have
had this link, between binary and nebular inclination, explicitly shown.
A spatio-kinematic model has been developed for ETHOS 1, indicating that its
spectacular polar outflows are kinematically older than the central region of the nebula.
This finding is discussed in the context of binary evolution, and it is concluded that
the polar outflows in these nebulae are probably formed before their central binaries
have entered the common-envelope phase. The central star of ETHOS 1 has yet to be
the subject of detailed study, and as such, the orientation of the nebula could not be
compared to that of its central binary.
A spatio-kinematical analysis of SuWt 2 is presented, proving that the nebular ring
is in fact at the waist of a much larger, extended bipolar structure. SuWt 2 is not known
to contain a post-main sequence central star, required to eject and ionise the nebular
shell, but rather a double A-type binary. The results of the analysis are discussed with
relation to possible formation scenarios for SuWt 2. It is concluded that, while neither
component of the double A-type binary could be the nebular progenitor, the presence
of a third component to the system, which would have been the progenitor, cannot be
ruled out. However, as there is no evidence that the central star of SuWt 2 is a binary
alone, it is suggested that SuWt 2 should be removed from future lists of planetary
nebulae known to host a binary central star.
A sample of sixteen central stars of planetary nebulae, displaying morphological
traits believed to be typical of central star binarity, were monitored for signs of peri-
odic photometric variability associated with binarity. Six new photometrically variable
close-binary stars were discovered, representing a ∼15% increase on the previously
known figure. The binary detection success rate from this investigation is compared to
that of other surveys, and it is concluded that, while the results are promising, a more
rigorous test is required to fully assess the extent to which specific morphological traits
can be used as indicators of central star binarity.
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Lay Abstract
Thesis submitted by David Jones for the Degree of Doctor of Philosophy at The Uni-
versity of Manchester and entitled “The Influence of Central Star Binarity on the Mor-
phologies of Planetary Nebulae”. April 2011.
How can you tell the difference between a ball and a cylinder? This sounds simple, but
a photograph looking straight down a cylinder can make it look a lot like a ball. This is
precisely the problem faced when trying to determine the three dimensional shape of
objects thousands of light years away. On Earth, we only have one angle from which to
view the stars, leaving us stuck with only two dimensions. However, for some objects
astronomers are able to recover the third dimension by measuring velocities, because
the bits that are moving fastest away from us are furthest away, while those moving
fastest towards us are closest.
For planetary nebulae, the colourful shells of gas ejected from stars like our Sun
at the end of their lives, this is of critical importance. Although there are hundreds
of nonspherical planetary nebulae known, it is thought to be almost impossible for
a spherical star (approximately all are) to produce a nonspherical nebula. The only
theoretical explanation is for the star to have another star orbiting around it and the
interaction with this companion star then acts to focus the nebula into a cylindrical
shape. By determining the shape and orientation of the nebulae as well as the properties
of the central binary stars, we can test this explanation and gain a deeper understanding
of the processes that form these stunningly beautiful objects, which represent what will
be the final stage in our Sun’s life as a star.
David Jones 19
20 The Influence of bCS on the Morphologies of PNe
Declaration
I declare that no portion of the work referred to in the thesis has been submitted in
support of an application for another degree or qualification of this or any other
university or other institute of learning.
David Jones 21
22 The Influence of bCS on the Morphologies of PNe
Copyright Statement
(i) The author of this thesis (including any appendices and/or schedules to this the-
sis) owns certain copyright or related rights in it (the “Copyright”) and s/he has
given The University of Manchester certain rights to use such Copyright, includ-
ing for administrative purposes.
(ii) Copies of this thesis, either in full or in extracts and whether in hard or electronic
copy, may be made only in accordance with the Copyright, Designs and Patents
Act 1988 (as amended) and regulations issued under it or, where appropriate,
in accordance with licensing agreements which the University has from time to
time. This page must form part of any such copies made.
(iii) The ownership of certain Copyright, patents, designs, trade marks and other in-
tellectual property (the “Intellectual Property”) and any reproductions of copy-
right works in the thesis, for example graphs and tables (“Reproductions”), which
may be described in this thesis, may not be owned by the author and may be
owned by third parties. Such Intellectual Property and Reproductions cannot
and must not be made available for use without the prior written permission of
the owner(s) of the relevant Intellectual Property and/or Reproductions.
(iv) Further information on the conditions under which disclosure, publication and
commercialisation of this thesis, the Copyright and any Intellectual Property
and/or Reproductions described in it may take place is available in the Univer-
sity IP Policy (see http://www.campus.manchester.ac.uk/medialibrary/policies/
intellectual-property.pdf), in any relevant Thesis restriction declarations deposited
in the University Library, The University Library’s regulations (see
http://www.manchester.ac.uk/library/aboutus/regulations) and in The University’s
policy on presentation of Theses.
David Jones 23
24 The Influence of bCS on the Morphologies of PNe
Acknowledgements
Firstly, I would like to thank my supervisors, Myfanwy Lloyd and Tim O’Brien, for
their help, guidance and patience throughout my PhD.
I also want to thank my long-suffering collaborators - Don Pollacco, John Meaburn,
Miguel Santander-Garcı´a, Pablo Rodrı´guez-Gil, Romano Corradi, Neil Vaytet, Brent
Miszalski and Amy Tyndall - who have all been involved in my work at various points,
providing invaluable assistance and quality entertainment in equal measure. ¡Viva la
Grappa!
I spent a very enjoyable year working for the Isaac Newton Group in La Palma,
Spain, and would like to thank everyone there who made my stay so pleasant, with
particular thanks to Andrew Cardwell. Special thanks must also be reserved for my fel-
low students, Florencia Jime´nez-Lu´jan, Marı´a del Mar Rubio-Dı´ez, Eve Perry, Dennis
Kuijper, Domingo ´Alvarez-Me´ndez and particularly Stelios Pyrzas, for putting up with
my antics for a whole year and being my partners in crime for most of it. Muchı´simas
gracias a todos.
I’m grateful to various members of staff and students at the Jodrell Bank Centre for
Astrophysics for their knowledge and good humour, including but not limited to: Adam
Avison, Sam Bates, Nadya Kunawicz, Liz Guzman, Jen Gupta, Tony Rushton, Paul
Woods & Andrew Markwick. Additional thanks to Ant Holloway and Bob Dickson
for their patience and expertise in numerous (often recurring) computing and starlink
issues. I’d also like to express my gratitude to Matthew X. Prescott of Liverpool John
Moores University for frequently reminding me to get on the bus.
Thanks to my ever-decreasing circle of friends outside astronomy, but particularly
to Neil Langson and Jamie Fletcher.
Special thanks to my family for their unquestioning support in whatever I have
chosen to do.
David Jones 25
26 The Influence of bCS on the Morphologies of PNe
The Author
The author graduated from the University of Manchester in 2007 with a first class
M.Phys (Hons) degree in Physics with Astrophysics, before beginning the work pre-
sented in this thesis at Jodrell Bank Centre for Astrophysics, The University of Manch-
ester. During the second of the approximately three years taken to complete this thesis,
the author worked at the Isaac Newton Group of Telescopes, on La Palma (Spain), as
a support astronomer for the Isaac Newton Telescope.
Figure 1: The author at the Roque de los Muchachos, La Palma.
David Jones 27
28 The Influence of bCS on the Morphologies of PNe
Refereed Publications and Conference
Contributions
Kinematics of the ring-like nebula SuWt 2
Jones, D.; Lloyd, M.; Mitchell, D.L.; Pollacco, D.L.; O’Brien, T.J. & Vaytet, N.M.H.,
2010, MNRAS, 401, 405
The orbital period of V458 Vulpeculae, a post double common-envelope nova
Rodrı´guez-Gil, P.; Santander-Garcı´a, M.; Knigge, C.; Corradi, R.L.M.; Ga¨nsicke, B.;
Barlow, M.; Drew, J.; Miszalski, B.; Napiwotzki, R.; Steeghs, D.; Wesson, R; Zijlstra,
A.; Jones, D.; Liimets, T.; Pyrzas, S. & Rubio-Dı´ez, M.M., 2010, MNRAS, 407, L21
The kinematics of the quadrupolar nebula M 1-75 and the identification of its central
star
Santander-Garcı´a, M.; Rodrı´guez-Gil, P.; Hernandez, O.; Corradi, R.L.M.; Jones, D.;
Giammanco, C.; Beckman, J.E.; Carignan, C; Fathi, K; Rubio-Dı´ez, M.M.; Jime´nez-
Luja´n, F. & Benn, C.R., 2010, A&A, 519, 54
Abell 41: shaping of a planetary nebula by a binary central star?
Jones, D.; Lloyd, M.; Santander-Garcı´a, M.; Lo´pez, J.A.; Meaburn, J.; Pollacco, D.L.;
Rubio-Dı´ez, M.M. & Vaytet, N.M.H., 2010, MNRAS, 408, 2312
The Necklace: equatorial and polar outflows from the binary central star of the new
planetary nebula IPHASXJ194359.5+170901
Corradi, R.L.M.; Sabin, L.; Miszalski, B.; Rodrı´guez-Gil, P.; Sanatander-Garcı´a, M.;
Jones, D.; Drew, J.; Mampaso, A.; Barlow, M.; Rubio-Dı´ez, M.M.; Casares, J.; Vi-
ironen, K.; Frew, D.J.; Giammanco, C.; Greimel, R. & Sale, S., 2010, MNRAS, 410,
1349
ETHOS 1: A high latitude planetary nebula with jets forged by a post common envelope
binary central star
David Jones 29
Miszalski, B.; Corradi, R.L.M; Boffin, H.M.J.; Jones, D.; Sabin, L.; Santander-Garcı´a,
M.; Rodrı´guez-Gil, P. & Rubio-Dı´ez, M.M., 2011, MNRAS, 413, 1264
Discovery of close binary central stars in the planetary nebulae NGC 6326 and NGC 6778
Miszalski, B.; Jones, D.; Rodrı´guez-Gil, P.; Boffin, H.M.J.; Corradi, R.L.M. & Santander-
Garcı´a, M., 2011, A&A, in press
Understanding the Etched Hourglass Nebula – MyCn 18
Lloyd, M.; Matsuura, M.; Redman, M.P. & Jones, D., 2010, Asymmetric Planetary
Nebulae V, published by Ebrary, Zijlstra, Lykou, McDonald, Lagadec, eds., pp 110
Using SuperWASP to find binary PN central stars
Jones, D.; Pollacco, D.; Faedi, F. & Lloyd, M., 2010, Asymmetric Planetary Nebulae
V, published by Ebrary, Zijlstra, Lykou, McDonald, Lagadec, eds., pp 117
Spatio-kinematic modelling of Abell 65, a double-shelled PN with a binary central
star
Huckvale, L.; Prouse, B.; Jones, D.; Lloyd, M. & Pollacco, D., 2010, Asymmetric
Planetary Nebulae V, published by Ebrary, Zijlstra, Lykou, McDonald, Lagadec, eds.,
119
HaTr 4 – A Kinematical Study
Tyndall, A.; Jones, D.; Lloyd, M.; O’Brien, T.J.; Pollacco, D.L. & Mitchell, D.L.,
2010, Asymmetric Planetary Nebulae V, published by Ebrary, Zijlstra, Lykou, Mc-
Donald, Lagadec, eds., pp 121
The binary central stars of PNe with the shortest orbital period
Santander-Garcı´a, M.; Rodrı´guez-Gil, P.; Jones, D.; Corradi, R.L.M.; Miszalski, B.;
Pyrzas, S. & Rubio-Dı´ez, M.M., 2010, Asymmetric Planetary Nebulae V, published by
Ebrary, Zijlstra, Lykou, McDonald, Lagadec, eds., pp 259
Prediction of close binarity based on nebula morphology
Miszalski, B.; Corradi, R.L.M.; Jones, D.; Santander-Garcı´a, M.; Rodrı´guez-Gil, P.
& Rubio-Dı´ez, M.M., 2010, Asymmetric Planetary Nebulae V, published by Ebrary,
30 The Influence of bCS on the Morphologies of PNe
Zijlstra, Lykou, McDonald, Lagadec, eds., pp 328
Abell 41: nebular shaping by a binary central star?
Jones, D.; Lloyd, M.; Santander-Garcı´a, M.; Lo´pez, J.A.; Meaburn, J.; Mitchell, D.L.;
O’Brien, T.J.; Pollacco, D.L.; Rubio-Dı´ez, M.M. & Vaytet, N.M.H., 2010, Asymmetric
Planetary Nebulae V, published by Ebrary, Zijlstra, Lykou, McDonald, Lagadec, eds.,
pp 340
The Necklace planetary nebula: equatorial and polar outflows from a post-common-
envelope system
Corradi, R.L.M.; Sabin, L.; Miszalski, B.; Rodrı´guez-Gil, P.; Sanatander-Garcı´a, M.;
Jones, D.; Drew, J.; Mampaso, A.; Barlow, M.; Rubio-Dı´ez, M.M.; Casares, J.; Vi-
ironen, K.; Frew, D.J.; Giammanco, C.; Greimel, R. & Sale, S., 2010, Asymmetric
Planetary Nebulae V, published by Ebrary, Zijlstra, Lykou, McDonald, Lagadec, eds.,
pp 344
Spatio-kinematic modelling: Testing the link between planetary nebulae and close bi-
naries
Jones, D.; Tyndall, A.A.; Huckvale, L.; Prouse, B. & Lloyd, M., 2011, Proceedings
of the workshop ‘Evolution of Compact Binaries’, Schmidtobreick, Schreiber, Tappert
eds., ASP conference series, in press.
David Jones 31
List of Abbreviations
α Right Ascension
(E/TP-)AGB (Early / Thermally Pulsing) Asymptotic Giant Branch
CE Common Envelope
(b)CSPN(e) (binary) Central Star(s) of Planetary Nebula(e)
δ Declination
EMMI ESO Multi-Mode Instrument
ESO-NTT European Southern Observatory - New Technology Telescope
FWHM Full Width at Half Maximum
GHαFaS Galactic Hα Fabry-Perot System
HB Horizontal Branch
HR Hertzsprung-Russell
INT Isaac Newton Telescope
ISM Interstellar Medium
(G)ISW (Generalised) Interacting Stellar Winds
MES-SPM Manchester Echelle Spectrometer - San Pedro Martir 2.1-m
MS Main Sequence
PA Position Angle
PN(e) Planetary Nebula(e)
pPN(e) Proto-Planetary Nebula(e)
32 The Influence of bCS on the Morphologies of PNe
PSF Point Spread Function
PV Position-Velocity
RG Red Giant
RGB Red Giant Branch
SAAO South African Astronomical Observatory
SN(e) Supernova(e)
ThAr Thorium-Argon
SuperWASP Super Wide Angle Search for Planets
UVES Ultraviolet and Visual Echelle Spectrograph
VLT Very Large Telescope
WD White Dwarf
WFC Wide Field Camera
WHT William Herschel Telescope
David Jones 33
34 The Influence of bCS on the Morphologies of PNe
To whom it may concern.
“Que el cielo exista,
aunque nuestro lugar sea el infierno”
Jorge Luis Borges, 1899 – 1986
“3 years of excuses
and it’s still crap
Ta ra Fergie”
Old Trafford J-Stand Banner, 1989
David Jones 35
36 The Influence of bCS on the Morphologies of PNe
This is the way the world ends,
not with a bang but a whimper
Thomas Stearns Eliot (1888 – 1965)
1
Introduction
1.1 Historical overview
Planetary nebulae (PNe)i are a very broad class of object showing great variation in
their strikingly beautiful colours and fascinating shapes, ranging from the highly spher-
ical (Abell 39; figure 1.1; Jacoby et al. 2001) to the asymmetric (Hen 2-70; figure 1.1;
Go´rny et al. 1999), some displaying complex substructural features like jets (ETHOS 1,
chapter 4). A selection of PNe, displaying just a few of the vast array of observed mor-
phologies, are shown figures 1.1, 1.2 and 1.3.
The first PN to be discovered was the Dumbbell nebula observed in 1764 by Charles
Messier (see figure 1.2), which he designated as ‘M27’ in his catalogue of nebulous
objects first published in 1774. The misnomer planetary nebula was coined by William
Herschel in reference to their resemblance to his discovery, the planet Uranus. The first
spectroscopic analysis of a PN was performed by Huggins & Miller (1864) who noted
that the spectrum was very different from those of the stars they had been previously
observing. The stars showed continuum emission with absorption features, whereas
the PN (NGC 6543, figure 1.3) showed no continuum but a single bright emission
iAll further acronyms are as defined in the List of Abbreviations (page 32).
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line. Further study showed the presence of other fainter lines, which were attributed
to atomic transitions in the gas of the nebulae. Huggins & Miller failed to correlate
these lines with those observed in laboratory conditions on Earth. They eventually,
wrongly, attributed the lines to a new element named nebulium. Bowen (1928) was
the first to identify the lines as forbidden transitions from metastable states in the gas
of the nebula. Many low atomic number elements had already been identified in PNe,
such as hydrogen, helium, nitrogen and oxygen, indicating that if the lines were from a
new element (nebulium) it would have to have a low atomic number. However, under-
standing of atomic theory allowed for no new elements in that region of the periodic
table, and Bowen believed the lines were far more likely to arise from known elements
outside of laboratory conditions. The atomic transitions leading to these emission lines
are only available in very low density regions where collisional de-excitation is not as
dominant as on Earth.
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Figure 1.1: A montage of PNe.
Top row - MyCn 18 (Sahai et al. 1999a), NGC 7293:The Helix Nebula (NASA, NOAO, ESO, the Hubble Helix Nebula Team),
IC 4593 (NASA, ESA, The Hubble Heritage Team).
Bottom row - Hen 2-70 (Go´rny et al. 1999), NGC 6302 (NASA, ESA, The Hubble SM4 ERO Team), Abell 39 (Jacoby et al. 2001).
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Figure 1.2: M27: The Dumbbell Nebula (R:G:B is Hα:[Nii]:[Oiii]). North is up and
East to the left. The image is approximately 11′×11′. Image credit: D. Lo´pez and IAC
Astrophotography Group.
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Figure 1.3: NGC 6543: The Cat’s Eye Nebula (R:G:B is Hα:[Oiii]:[Sii]). North is up
and East to the left. The image is approximately 12′×12′. Image credit: D. Lo´pez, R.
Barrena and IAC Astrophotography Group.
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1.2 The origins of planetary nebulae
Figure 1.4: A template Hertzprung-Russell diagram for a globular cluster (constructed
using real data from six clusters), with various evolutionary phases marked (reproduced
in part from Harris 2003).
PNe represent a late stage in the evolution of intermediate mass stars (0.8M⊙ .
M⋆ . 8M⊙). Stellar evolution is best described with the aid of an HR diagram (see
figure 1.4), which plots absolute luminosity against stellar effective temperature (or
colour). The position of a star on the HR diagram is directly related to its evolutionary
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phase as outlined below.
Figure 1.5 shows the evolutionary track of an intermediate mass star, beginning
from the pre-MS phase of its formation. Intermediate mass stars, like all stars, spend
the majority of their lives on the MS burning hydrogen in their cores (Prialnik 2000),
producing helium via proton-proton chains (dominant in stars with M⋆ . M⊙) and the
CNO cycle (dominant in stars with M⋆ > M⊙). Once the core is depleted of hydro-
gen, it begins to contract under gravity and increases in temperature. This increase
in temperature initiates hydrogen fusion in a shell just outside the core, resulting in
an increase in luminosity of ∼ 1000 or more. This rapid increase in luminosity leads
to rapid expansion and an increase in opacity in the lower regions of the envelope
(Renzini et al. 1992). The increase in opacity results in a departure from thermal equi-
librium, and a rapid expansion of the star. This expansion acts to reduce the surface
temperature of the star as described by the Stefan-Boltzmann law:
L⋆ = 4πR2⋆σT 4⋆ (1.1)
where L⋆ is the stellar luminosity, R⋆ is the stellar radius and T⋆ is the stellar effective
surface temperature.
Thermal equilibrium is not restored until convection penetrates inwards making
the envelope fully convective. This results in the first dredge-up, a process whereby
the convective zone can reach down to the region where fusion has occurred, bringing
the fusion products to the star’s surface. Once thermal equilibrium has been restored,
the star continues to expand with the increase in luminosity, but maintaining a roughly
constant surface temperature (Hayashi 1961; Laughlin et al. 1997). The continued ex-
pansion of the star means its surface layers become less gravitationally bound, leading
to an increased mass-loss rate with respect to the rate experienced on the MS (Reimers
1975). This phase of the star’s evolution is known as the RGB.
At the tip of the RGB, the core temperature becomes high enough to ignite helium
(burning via the triple-α reaction), further increasing the temperature. However, in
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Figure 1.5: Hertzsprung-Russell diagram showing the evolu-
tionary track of an intermediate mass star, reproduced from
http://iapetus.phy.umist.ac.uk/Teaching/IntroAstro/Stars.html, cited January 24th
2011.
lower mass stars (M⋆ . 2.5M⊙) the core is, by now, electron degenerate. This means
that the core does not expand in response to the increase in temperature, causing a
further increase in burning rate resulting in a thermonuclear runaway known as the
core helium flash. This helium flash also acts to extinguish any hydrogen shell burning
occurring outside the core, meaning that the star’s total luminosity remains relatively
stable in spite of the dramatic increase in energy released from the core. As the increase
in temperature removes the degeneracy in the core, this flash is short-lived and quickly
results in more stable helium burning in the core and a return to hydrogen shell burning
(further helium flashes may occur but will be far weaker). This causes the star to reduce
in luminosity while increasing in temperature (due to contraction), moving down and to
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the left of the HR diagram onto the HB. For more massive stars (M⋆ & 2.5M⊙), the core
will reach the temperature required to ignite helium without ever becoming degenerate,
meaning the ignition process is far smoother with no helium flash, maintaining the
hydrogen shell burning throughout.
Just as the core’s hydrogen was exhausted at the end of the MS, the exhaustion of
core helium marks the end of the HB. The core again contracts, increasing in temper-
ature, heating the envelope and causing the outer layers to expand. This begins the
star’s ascent on to the AGB, which is subsequently divided into two phases: the E-
AGB and the TP-AGB. During the E-AGB, the star burns helium in a shell just outside
the degenerate CO core, surrounded by a convective envelope of hydrogen. Just as
on the RGB, convection is the dominant heat-transfer mechanism which can result in
a second dredge-up (Herwig 2005). The TP-AGB begins as the helium burning shell
becomes depleted and the star is capable of supporting a hydrogen burning shell. As
the hydrogen shell burns, it replenishes and compresses the now dormant helium shell
causing it to re-ignite (known as a helium shell flash or thermal pulse). This re-ignition
causes the outer layers of the star to expand, extinguishing the hydrogen shell, until the
helium shell is again depleted and the cycle repeats. After each pulse, convection acts
to bring the fusion products to the surface of the star (the third dredge-up), thus giv-
ing rise to the enhancement of the slow neutron capture (s-process) heavy elements,
like strontium, that are observed in the atmospheres of AGB stars (Langer et al. 1999,
Stancliffe et al. 2004). Similarly, it is these repeated dredge-up events which result in
the formation of carbon stars. At the start of the AGB, the C/O ratio is much less than
unity, signifying an oxygen rich regime, but each third dredge-up event acts to increase
the C/O ratio (by bringing carbon-rich inter-shell material into the envelope and to the
surface). Eventually, after multiple pulses and dredge-up events, the C/O ratio exceeds
unity, marking a transition to carbon-rich chemistry and the formation of a carbon star.
Each phase of helium shell burning experienced on the AGB increases the mass of
the CO core, which becomes exposed at the end of the AGB phase as the star experi-
ences a period of extensive mass-loss in the form of a stellar wind, more than halving
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the star’s mass. The constituents of these ejecta are what give PNe their colourful ap-
pearance, as the chemical species present are excited by the emerging central WD star
(the remnant CO core), displaying a wide range of colours corresponding to different
species and ionisation states. Understanding of the processes involved in the PN phase
is essential to an overall understanding of stellar evolution, as PNe are not only the
death throes to be experienced by the majority of stars, but also a mechanism for re-
plenishing and enriching the metallicity of the ISM; a key factor in the formation of
the next generation of stars.
Up until the late 1950s it was widely believed that PNe were produced in the same
way as nova outbursts. It was Shklovsky (1956) who first claimed that late-type AGB
stars and supergiants could be seen to shed their outer layers, which, it was proposed,
could become the circumstellar gas seen in PNe. After this, much work was done on
the idea that the shells seen were ejected ballistically, via structural instabilities, like
helium shell flashes (Lucy 1967, Abell & Goldreich 1966). It is now well established
that stars on the AGB can lose mass at a rate up to 10−5 M⊙ yr−1 with velocities of the
order of 10 km s−1 through their stellar winds (Balick & Frank 2002). This mechanism
alone, however, cannot produce reasonable agreement with observations (Kwok 1983,
Harpaz & Kovetz 1981). Were the ejecta to expand isotropically it would be too diffuse
to be observable as a surrounding nebula. It was not until the late 1970s that it was
discovered that as the central star evolves its mass-loss rate reduces by a few orders
of magnitude while the wind speed rises almost reciprocally. This lead Kwok et al.
(1978) to develop the ISW theory, where the earlier slow, dense AGB wind is swept
up into a fine rim by an overtaking fast diffuse wind. This rim is then ionised by the
internal star leading to the nebula that we see.
As successful as the ISW theory was for explaining the way the nebulae are formed
it sheds no light on the shaping mechanism, as all winds are assumed to be more or
less isotropic. Kahn & West (1985) extended the ISW theory to say that enhanced
equatorial mass-loss in the slow, dense wind stage could lead to a bipolar shape in the
resulting nebula. This theory has become known as the GISW theory. The mechanism
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behind this non-isotropic mass-loss constitutes a very hot topic in the study of planetary
nebulae (de Marco 2009; Garcı´a-Segura et al. 1999; Balick & Frank 2002). Balick
(1987) was the first to suggest a morphological classification scheme that attempted
to link the different morphologies to the “density contrast” (the ratio of the equatorial
density to the polar density of the initial ejecta swept up by the fast wind to form
the nebular shell). He suggested that nebulae with no density contrast are round (as
predicted by Kwok et al. 1978), elliptical nebulae form from moderate density contrasts
and those with the highest density contrast form butterfly shapes (no strong link was
made for irregularly shaped nebulae as these most likely arise from interactions with
the interstellar medium, Soker et al. 1991). The theories behind the formation of this
density contrast fall in to two main camps, those where the presence of a magnetic field
and the subsequent magnetohydrodynamic effects cause the slow, dense wind outflow
to be bipolar; or, as will be the main focus of this thesis, that it is formed by binary
interaction in the CSPN star system. Other possibilities exist but are generally accepted
as less likely to be the main factor in the shaping of bipolar nebulae, these include
the idea that the remnant of the protostellar disk could provide the required density
contrast in shorter lived stars. Also, if the CSPN is rotating at high frequency then
angular momentum conservation can lead to deviation from isotropy in the early, slow
wind, however it is generally accepted that the required rotational velocity does not
arise without the presence of some, as yet unknown, external stimulus (Zuckerman &
Gatley 1988). It is also likely that the rotational velocity required to induce a significant
density contrast would also be too close to the breakup velocity (Bond & Livio 1990).
1.3 Morphology and kinematics of planetary nebulae
Studying the morphology and kinematics of PNe provides an opportunity to test shap-
ing theories, and as such further understanding of the processes at work in their forma-
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tion and evolution. These studies are generally performed using longslit spectroscopyii
of the nebula to measure the nebular velocity field, allowing one, with the aid of deep-
field imagery, to spatio-kinematically model the PN shell. It is important to consider
the velocity field of the nebula, in addition to deep-field imagery, as imaging alone
merely gives a projection of the nebula on the plane of the sky, such that a spherical
nebula and a heavily bipolar hourglass-shaped nebula (aligned with its symmetry axis
parallel to the line-of-sight) can look the same. This degeneracy between orientation
and shape is best shown by the examples in figures 1.6 and 1.7. Figure 1.6 shows a
spatio-kinematic model for Sp 1 viewed at multiple inclinations, demonstrating that in-
ferring the shape of the nebula from imagery alone can be particularly misleading. Fig-
ure 1.7 shows a spatio-kinematic model for MyCn 18 at the observed inclination and
at a much lower inclination producing an observed image similar to those of the Helix
nebula. Based on imagery alone, one would almost certainly assume that MyCn 18
and the Helix are morphologically very different, however the model shown in Figure
1.7 indicates that they probably have very similar morphologies viewed at different
inclinations to the line-of-sight.
As described in section 1.2, the highly simplified morphological classification scheme
proposed by Balick (1987) divides PN into three (or four, including irregular) classes.
It is worth noting, however, that this is far from the end of the story as each class con-
tains many variants, such as ansae (Balick et al. 1993; Balick et al. 1994), multiple-
shells (Kaler 1974; Chu et al. 1987), haloes (Frank et al. 1990; Bryce 1992; Corradi
et al. 2003) and other structural variations.
Balick et al. (1987) proposed a model by which pairs of knots could arise at either
end of the semi-major axis of a PN, known as the spindle model. A schematic of a neb-
ula formed by the mechanism is shown in figure 1.9. In this model, a density contrast
iiIFUs are available to perform the same task, but usually at the cost of either spatial coverage (for
example, VLT-GIRAFFE) or spectral resolution (for example, WHT-SAURON), meaning that they can
only be efficiently employed for the smallest PNe or objects displaying much greater expansion velocity
that PNe (such as, SNe), respectively. An alternative is available in the form of Fabry-Perot spectro-
graphs (for example, GHαFaS), the main drawback of which is that they are particularly susceptible to
‘ghosts’ (Santander-Garcı´a et al. 2010b).
48 The Influence of bCS on the Morphologies of PNe
1.3: MORPHOLOGY AND KINEMATICS OF PLANETARY NEBULAE
exists prior to the onset of the fast wind, resulting in ellipsoidal shock fronts (forward
and reverse) from the interaction between the fast and slow winds. The reverse shock
then acts to focus and collimate the fast wind in the polar directions, causing it to be-
have as a bullet and pierce through the outer shock front forming a bow shock. As these
“knots” break through the outer shock they may be ablated, with the resulting debris
causing brightness enhancements in the vicinity of the knot. Mellema et al. (1991)
ran two-dimensional hydrodynamical simulations of a fast, tenuous wind encountering
a slow, dense aspherical wind. Their results replicated those hypothesised by Balick
et al. (1987) leading them to associate this mechanism as most likely to form the knots
observed in some elliptical PN (figure 1.8; Balick et al. 1994; Balick et al. 1998).
Many PNe show multiple shells (figure 1.10), predicted by Kwok et al. (1978) to
have arisen as multiple discontinuities in the wind speed and density from the central
star of the PN (i.e. all forming in the same fashion as a single shell by the ISW model).
Chu et al. (1987) studied the morphologies of multiple shell PN separating them into
two classificationsiii; type I, where the ratio of the radii of the outer shell to the inner
shell is greater than two and the outer shell is approximately 200 times fainter than
the inner; and type II, where the outer shell is much closer to the inner shell and the
brightness ratio is found to be approximately 14 . They find that almost two-thirds of
observed multiple shell PN are type II, although this is more likely to be as a result
of observational bias than some natural formation tendency. The outer shells of the
nebulae are often asymmetric and limb-brightened, this is attributed to the nebula being
formed by a central star moving with respect to the ISM (Villaver et al. 2000). As the
nebula moves through the ISM, the interaction acts to flatten and brighten the leading
edge of the nebula (Borkowski et al. 1990), slowing the nebula with respect to its
central star and possibly stripping the nebula from the star entirely (Wareing et al.
2007), just as has occurred in Sh 2-174 (Tweedy & Napiwotzki 1994).
iiiNot to be confused with the more frequently used PNe classification scheme of Peimbert (1978),
where PNe are classified type I to IV based on their chemical composition.
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(a) 900 (b) 150
(c) 100
Figure 1.6: A spatio-kinematic model of Sp 1 at an inclination of (a) 90◦, (b) 15◦ (the
determined nebular inclination) and (c) 10◦. This figure clearly shows the degener-
acy between shape and inclination, as the nebula ranges from obviously bipolar when
viewed at an inclination of 90◦ through to apparently spherical/circular when viewed
at much lower inclinations. Images reproduced from Mitchell (2007).
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Figure 1.7: A shape model of MyCn 18 viewed at two different inclinations. The
upper panel reproduces the observed imagery of MyCn 18 (figure 1.1 top left), while
the lower panel shows the model at a much lower inclination reproducing a similar
structure to that observed in the Helix Nebula (figure 1.1 top middle). This indicates
that MyCn 18 and the Helix may have similar structures, but are inclined at different
angles to the line-of-sight. Figure reproduced from Kwok (2010), models created by
Nico Koning.
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Figure 1.8: A selection of PNe containing FLIERS or knots similar to those in the
spindle model (R:G:B is [Nii]:[Oiii]:Heii 4686Å, reproduced from Balick et al. 1998).
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Sometimes indistinguishable from multiple-shelled PNe are PNe with extended
haloes, the distinction being that the outer shell in a multiple-shelled PN shows a thin-
shell structure, whereas haloes are the dense, continuous remnant of a previous wind
(blown during the AGB phase). Similarly, while multiple-shelled PNe display the
same morphology in both shells (as shown in figure 1.10), PNe with AGB haloes often
display roughly spherical structure in the halo and highly axisymmetric structure in the
central PN. The archetypal example of an AGB halo around a PN is NGC 6543 (The
Cat’s Eye Nebula, shown figure 1.3). While the halo NGC 6543 displays a striated and
knotty structure, its overall shape is very close to spherical, especially in comparison
to the axisymmetric central region (Miranda & Solf 1992; Balick et al. 2001).
Figure 1.9: The spindle model of Balick et al. (1987).
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(a) (b)
Figure 1.10: Colour composite images of the multiple-shelled PNe Pe 1-19 and K 6-
34 (R:G:B is Hα:[Oiii]:[Oiii]C). North is up and East is left, both images are 30”×30”.
Images reproduced from Miszalski et al. (2009b).
1.4 Stellar binaries as planetary nebula progenitors
The evolution of the stars within a binary system progresses in much the same way
as for single star evolution as described in section 1.2. However, interactions between
the two stars can strongly influence the evolution of those components, particularly in
altering the rate and geometry of mass loss. Binary interaction may be categorised in
to three different types (Zijlstra 2007), each with different effects on mass loss within
the system. Type I are close binary interactions and enhance the mass loss through
a common envelope phase. Type II have a greater separation than type I, whilst still
shaping the wind but not affecting the mass-loss rate. Type III are very wide binaries
where the centre of mass shift resulting from the orbital interaction leads to a spiral
shape in the wind, without having any other effect. As post-CE systems (Type I) are
the main focus of the work presented in this thesis, these are discussed in detail below.
A CE phase arises when the primary star overflows its Roche lobe and begins trans-
ferring matter into the Roche lobe of its binary partner. An equipotential diagram for
a binary star pair, of masses M1 and M2 is shown in figure 1.11, the line of equipo-
tential in bold (crossing at the first Lagrangian point, L1) encloses the Roche lobes of
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Figure 1.11: Equipotentials in the orbital plane of a binary system consisting of point
masses (of mass ratio M1M2 = 4) in circular orbits, taken from Iben & Livio (1993).
each star. Once the larger star has overflown its Roche lobe it will transfer mass to its
companion through the first Lagrangian point, L1. This matter forms an accretion disk
around the second star, but if it is transferred quicker than it can be accreted the disk
will eventually overflow the Roche lobe (through L2 of figure 1.11) of the secondary.
At this point the two stars are enclosed in a CE.
It is easiest to understand the progression through CE evolution by considering an
example test binary system of masses M1 and M2, where M1 > M2. As M1 is more
massive that M2 it will evolve off the MS earlier; at this point as the star expands it
is possible that a CE may be formed - providing the orbital separation is sufficiently
small. This means that most CEs are expected to form while the primary is on the
RGB, however should the primary fail to fill its Roche lobe on the RGB then it is
possible to form a CE during its time on the AGB (as the star is expands to a greater
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radius on the AGB than on the RGB).
Once a CE is formed, the variation between the stellar orbital velocities and the CE
result in drag forces and the transfer of angular momentum, which acts to reduce the
orbital period (in some cases to as low as a matter of hours; Grauer & Bond 1983).
The orbital energy released during this spiral-in, ∆Eorb, is deposited into the envelope,
and while some is radiated away, some fraction is used to reduce the binding energy of
the envelope. The fraction, α, of this energy used to reduce the binding energy of the
envelope, Ebind, and, therefore, available for mass ejection, is generally defined by:
Ebind = α∆Eorb (1.2)
where 0 < α . 1 (although other values are possible depending on the definition of
Ebind, Davis et al. 2010). This α parameter is very poorly understood, despite consider-
able investigation, mainly through population synthesis modelling (e.g., de Kool 1992;
Yungelson et al. 1993; Han et al. 1995; Davis et al. 2010). It is still unclear whether α
can be approximated as a single global value or is actually some function of the binary
parameters (e.g., mass ratio, secondary mass, metallicity, etc.). Alternately, Nelemans
& Tout (2005) attempted to resolve the issue by characterising the CE phase by an
alternative parameter, γ, described by
∆J
J
= γ
∆Mtotal
Mtotal
= γ
M1,e
M1 + M2
(1.3)
where ∆JJ is the relative change in angular momentum and
∆M
M is the relative change
in mass (assuming that the envelope of the primary, M1,e, is ejected from the system,
the total mass of which is the sum of the primary and secondary masses, M1 + M2).
This parameterisation appears very attractive, given that the obtained values of γ ap-
pear much more clustered than for α (1.5 . γ . 1.75, c. f . 0 . α . 1 Nelemans &
Tout 2005). However, Webbink (2008) proved that energy conservation constrains CE
evolution far more than angular momentum conservation - reflecting the dependance
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on the evolutionary stage of the primary (as a more tightly bound envelope extracts
more angular momentum per unit mass). Angular momentum conservation, however,
does have an important role to play in the formation of bipolar PNe, as it acts to focus
the expulsion of the CE into the orbital plane of the binary (Figure 1.12a). It is this
ability to produce an aspherical density distribution around the system that makes the
CE phase an important means of shaping subsequent PNe.
Rasio & Livio (1996) performed three-dimensional hydrodynamic simulations of
the initial stages of CE evolution showing not only that a CE phase arises as a natural
result of mass transfer in close binary systems, but that the CE is concentrated around
the orbital plane of the binary pair, thus providing the density contrast required to
produce butterfly-shaped nebulae in the GISW model. Nordhaus & Blackman (2006)
showed that even if the envelope is not ejected, the CE phase will always produce a
density contrast with density highest in the orbital plane. They outline three possible
scenarios (shown in Figure 1.12): (a) The envelope is ejected as outlined above. (b)
Differential rotation between the secondary and the deep convective envelope of the
primary, which consumes the secondary in the CE phase, can act to generate large
scale magnetic fields via an α-ω dynamo. Here the magnetic fields created would be
strong enough to collimate any outflow, producing the density contrasts required by
the GISW model. (c) If the secondary gets close enough to the core of the primary, i.e.
does not supply enough energy to eject the envelope or spin it up enough to power a
dynamo, it will be tidally shredded into an accretion disk around the core of the primary
(Figure 1.12c). This accretion disk could drive bipolar outflows from the central star,
similar to those seen in Young Stellar Objects and Active Galactic Nuclei, capable of
producing bipolar PN. The lifetime of disc-driven outflow is long compared to that of a
dynamo driven outflow, hence bipolarities beginning in the pPN stage are more likely
to be driven by an accretion disc than a dynamo driven outflow (Nordhaus & Blackman
2006).
The observational consequences of the three strands of CE phase evolution are de-
scribed in detail by Nordhaus & Blackman (2006). When the envelope is ejected purely
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Figure 1.12: Common-envelope shedding scenarios taken from Nordhaus & Black-
man (2006). a) The envelope is spun-up and ejected in the equatorial plane, b) an α-ω
dynamo drives a jet carving out the envelope in the poloidal direction and c) the sec-
ondary is tidally shredded resulting in an accretion driven jet carving out the envelope
in the poloidal direction.
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by the transfer of orbital energy, the binary-induced equatorial outflow, as seen in the
pPN stage, is confined to an opening angle of ∼ 25◦ resulting in an extreme equatorial
density enhancement (Terman & Taam 1996). Should the CE not be ejected, the for-
mation of a tight equatorial torus is possible, often observed to be contracting around
the central star. Should material be ejected via a magnetic outflow, it is likely that
it would be ejected poloidally (c.f. toroidally for ejection by orbital energy transfer),
although some could be ejected toroidally by a magnetic pressure ‘sandwich’ (Matt
et al. 2004). Should the secondary be tidally shredded, the disc-driven outflow would
probably show signs of the chemical composition of the secondary. For example, a
brown dwarf secondary, which would be oxygen-rich compared with a typically more
carbon-rich AGB primary (carbon-rich as a result of the third dredge-up outlined ear-
lier in Section 1.2), would be detectable by increased oxygen-richness in the polar
outflow.
Whichever of the three scenarios outlined by Nordhaus & Blackman (2006) is fol-
lowed for the evolution of the CE, it will always create a density contrast which is
over-dense in the orbital plane with respect to the poloidal direction. It is this den-
sity contrast which then shapes the bipolar PNe in the GISW theory. Although current
simulations of the CE phase are not yet capable of accurately predicting the observable
properties of the CE, it is clear that the lifetime of a CE must be less than ∼ 1000 years
(as this is the timescale on which all orbital energy could be radiated away by the CE,
i.e., the timescale for coalescence; Webbink 2008). This means that the CE phase is
generally considered as instantaneous on stellar timescales, as it is much shorter than
individual evolutionary phases of the component binary stars (even a few orders of
magnitude smaller than the 10000-100000 year inter-pulse period on the TP-AGBiv).
Simulations of the type II binary interaction were run by Morris (1981), concluding
that gravitational interactions between the primary and secondary can shape the ejecta
enough to produce bipolar structures. Support for this observationally comes from
ivThough the CE lifetime is possibly comparable to the length of an AGB thermal pulse, which can
be just a few thousand years.
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recent observations of Mira and its companion (Josselin et al. 2000). It is likely that
these interactions are more common than type I, but are less likely to provide such
highly bipolar nebulae, as the interaction is not strong enough to provide the high
density contrast shown by binary pairs in the post-CE phase.
Type III binaries may account for some nebulae with small scale asymmetries (such
as spiral tracks in the circumstellar envelope, Mauron & Huggins 2006), but are likely
to be more of a footnote on the shaping than a dominant factor.
1.5 Planetary nebulae with known close-binary central
stars
As of February 2011, there are only 48, including the six uncovered in this work, plan-
etary nebulae with confirmed binary central stars (de Marco et al. 2008; Miszalski et al.
2009b; Chapter 6); these are listed in table 1.1. As in de Marco (2006), selected prop-
erties of each object are listed, such as the period and co-ordinates. In the fifth column
of table 1.1 the binary type is listed where: irradiated binaries (I) display periodic vari-
ability due a reflection effect, whereby the hot WD irradiates the facing hemisphere of
its cooler companion; eclipsing binaries (Ec) have periodic variations due to the sec-
ondary eclipsing the primary (and/or vice versa); ellipsoidally modulated binaries (El)
where the variability arises due to tidally-induced deviations from spherical symmetry
in either/both star(s); composite binaries (C) spectroscopically contain the components
of more than one star; single-lined spectroscopic binaries (S) have observed radial ve-
locity variations in the lines of the central star spectrum. In the seventh column of table
1.1 an assessment of the morphology of the PN is given, based on available imagery
(or spatio-kinematical modelling) and the classifications of Miszalski et al. (2009b).
Here the classification is divided into two components: an assessment of the overall
morphology and other morphological features, separated by a ‘+’ in the table (brack-
eted classifications are those considered speculative or uncertain). It is of note that
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while the periods of all but one of the bCSPN listed in table 1.1 are knownv, very little
beyond that for the vast majority. Detailed knowledge of other parameters of a binary
system generally requires further spectroscopic observations to constrain the classifi-
cation of each component as well as their orbital velocities, which can then be used to
model the system (see, for example, Hillwig et al. 2010).
The fact that so few binary-centred PNe are known is believed to be a reflection
of the difficulty in detecting the companion star rather than an accurate representa-
tion of the PN population. It was estimated by Bond (2000), that the fraction of PN
with detectable binary nuclei is of order 10-15%, based on a survey of 100 central
stars returning 13 binary nuclei. This, however, is accepted as a lower limit on the
actual fraction, as the survey looked for photometrically variable binaries only, which
represent only those with short orbital separations and high inclinations. Further sur-
veys have estimated a much higher fraction, such as that conducted by de Marco et al.
(2004), which found a binary fraction of 91%, although this figure is questionable due
to the small sample size used. Sorensen & Pollacco (2003) found ∼ 40% of their radial
velocity survey showed variability consistent with binarity, though this type of survey
is notoriously affected by wind variability. To date, the most robust measurement of
the binary fraction is the 12 − 21% of Miszalski et al. (2009a), who made use of the
OGLE microlensing survey to look for photometric variability in the central stars of
149 true and likely PNe in the observed OGLE field, discovering 22 new bCSPN in
the process. It is important to note that the success of this survey in finding bCSPN is
based heavily on the identification of all PNe in the OGLE field, which would not have
been possible without the MASH and MASH-II surveys (Parker et al. 2006; Miszalski
et al. 2008b). These surveys were important in establishing a complete and, therefore,
unbiased sample due to their sensitivity to a wide range of PNe (particularly older,
fainter PNe which would have been missed previously). A similar survey for photo-
metric variability would certainly have detected fewer new bCSPN, but may also have
vThe only bCSPN without a determined period is M 1-34 which is seen to display aperiodic vari-
ability, but is still considered to be a binary by Miszalski et al. (2009b).
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determined a different binary fraction based on a smaller and biased (towards brighter
and younger objects) sample of PNe in the field.
The ∼15% binary fraction is perhaps to be expected given that this is roughly the
percentage of PNe showing clearly bipolar morphologies (13% in the < 2.0kpc volume
limited sample of Frew 2008), as bipolar PNe are expected to be produced by bCSPN.
Additionally, the detection of both bCSPN and clear bipolar morphologies are subject
to similar inclination effects - eclipses and irradiation effects both become weaker at
lower inclinations (making bCSPN detection more difficult), and bipolar PNe become
morphological degenerate with elliptical and spherical PNe at similarly low inclina-
tions (making identification of bipolar morphologies more difficult).
It is important to note that bCSPN present an important tool, not only for inves-
tigating the morphological evolution of PNe, but also for understanding the common
envelope phase, as the presence of a short-lived planetary nebula implies that the cen-
tral binary exited the CE very recently (Miszalski et al. 2010a). Firstly, this provides
an indication of the evolutionary phase of the primary upon entering the CE, as a CE
ejected on the RGB will expose an He core and therefore lead to an He WD central
star, whereas a CE ejected on the AGB will lead to a more normal CO WD central star.
Secondly, and perhaps more importantly, the period distribution of post-CE bCSPN
provides an accurate description of the period distribution upon exiting the CE phase,
whereas other post-CE systems may be affected by other processes which alter their
period distribution (e.g., gravitational radiation). A good example of the benefit of
using post-CE bCSPN to investigate the CE phase is found by comparing the post-CE
bCSPN period distribution (see Figure 1.13a) to the period distribution of CVs (post-
CE systems comprising a semi-detached WD and MS pair, see Figure 1.13b). Figure
1.13 clearly shows that the period distribution of CVs is different, particularly shifted
to lower periods, to that of the currently known post-CE bCSPN, expected to be as a
result of magnetic braking and gravitational radiation reducing the orbital period after
leaving the CE phase (Schreiber & Ga¨nsicke 2003). The immediately post-CE pe-
riod distribution, provided by bCSPN, offers an important test for population synthesis
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models, which routinely fail to predict such short orbital periods immediately after the
CE phase (Yungelson et al. 1993; Han et al. 1995; Davis et al. 2010).
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Table 1.1: A table of planetary nebulae with known close-binary centres (photometric binaries discovered in this work are marked
by an asterisk, chapter 6).
Binary class - I: irradiation effects, El: ellipsoidal modulation, Ec: eclipsing, S: single-lined spectroscopic binary, C: composite
spectrum.
General Morphology - B: bipolar, E: elliptical, Irr: Irregular, MS: multiple shells, S: spherical (or end-on bipolar).
Morphological features - I: ISM interaction, L: low-ionisation features (knots, filaments, etc.), J: Jet- or bullet-like features, R:
ringed waist.
PN common name PN G classification RA Dec Binary
class
Period
(days)
Morhphology Reference(s
HFG 1 PN G136.3+05.5 03 03 47.0 +64 54 35 I, S 0.582 Irr + I,L Grauer et al.
(1987), Acker &
Stenholm (1990)
GK Per PN G151.0-10.1 03 31 11.82 +43 54 17 S 2 Irr Crampton et al.
(1986), Bode
et al. (1987)
Te 11∗ PN G203.2−13.4 05 45 58.2 +02 21 06 Ec, El 0.12 Irr Chapter 6
LoTr 1 PN G228.2−22.1 05 55 06.7 −22 54 02 C, I? 6.5? S Bond et al.
(1989), Chapter 7
PM 1-23 PN G222.8−04.2 06 54 13.4 −10 45 38 I 0.63 E Hajduk et al.
(2010)
NGC 2346 PN G215.6+03.6 07 09 22.5 −00 48 24 S 15.99 B Me´ndez &
Niemela (1981)
K 1-2 PN G253.5+10.7 08 57 45.9 −28 57 36 I 0.676 Irr, L Exter et al.
(2003b)
Continued on next page
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Table1.1 – continued from previous page
PN common name PN G classification RA Dec Binary
class
Period
(days)
Morhphology Reference(s
DS 1 PN G283.9+09.7 10 54 40.6 −48 47 03 I 0.357 Irr Kilkenny et al.
(1988), Bond
(2000)
TS01 PN G135.9+55.9 11 53 24.7 +59 39 57 S, El 0.163 - Tovmassian et al.
(2004)
BE UMa PN G144.8+65.8 11 57 44.8 +48 56 19 Ec 2.29 B Ferguson et al.
(1999), Wood
et al. (1995)
MPA J1508−6455 PN G316.7−05.8 15 08 06.5 −64 55 49 I 12.50 E Miszalski et al.
(2010a)
Sp 1 PN G329.0+01.9 15 51 40.9 −51 31 28 I 2.91 B Bond & Livio
(1990), Me´ndez
et al. (1988)
NGC 6026 PN G341.6+13.7 16 01 21.1 −34 32 37 El, S 0.528 Irr Hillwig et al.
(2010)
HaTr 4 PN G335.2-03.6 16 45 00.2 −51 12 20 I 1.74 B (+ R) Bond & Livio
(1990)
NGC 6326∗ PN G338.1-08.3 17 20 46.3 −51 45 15 I? 0.37 Irr + J, L Chapter 6
NGC 6337 PN G349.3−01.1 17 22 15.7 −38 29 03 I 0.173 B + L, J, R Hillwig et al.
(2010)
A 41 PN G009.6+10.5 17 29 02.0 −15 13 04 Ec, El 0.226 B + R Shimanskii et al.
(2008), Jones
et al. (2010b)
Continued on next page
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Table1.1 – continued from previous page
PN common name PN G classification RA Dec Binary
class
Period
(days)
Morhphology Reference(s
PHR J1744−3355 PN G355.6−02.3 17 44 27.9 −33 55 20 I 8.234 B Miszalski et al.
(2009a)
Pe 1-9 PN G005.0+03.0 17 45 36.9 −23 02 27 Ec, I? 0.140 MS + L Miszalski et al.
(2009a)
PPA J1747−3435 PN G355.3−03.2 17 47 08.3 −34 35 43 I 0.225 Irr Miszalski et al.
(2009a)
Hen 2-283 PN G355.7−03.0 17 47 49.4 −34 08 05 I 1.128 B Miszalski et al.
(2009a)
Sab 41 PN G354.5−03.9 17 48 16.3 −35 38 31 I 0.297 (B +) J, L, R Miszalski et al.
(2009a)
JaSt 66 PN G359.5−01.2 17 49 22.2 −29 59 27 El 0.276 - Miszalski et al.
(2009a)
Bl 3-15 PN G000.6−01.3 17 52 35.9 −29 06 39 El 0.270 B + J Miszalski et al.
(2009a)
M 3-16 PN G359.1−02.3 17 52 46.0 −30 49 34 Ec, El 0.574 Irr + L, J Miszalski et al.
(2009a)
H 2-29 PN G357.6−03.3 17 53 16.8 −32 40 39 Ec, I? 0.244 B + L, R Miszalski et al.
(2009a)
M 2-19 PN G000.2−01.9 17 53 45.6 −29 43 46 El 0.670 B + R Miszalski et al.
(2009a)
K 6-34 PN G358.7−03.0 17 54 41.1 −31 31 43 El, I 0.20 B, MS + L, R Miszalski et al.
(2009b)
PHJ J1756-3342 PN G357.0−04.4 17 56 39.5 −33 42 31 I 0.266 B Miszalski et al.
(2009a)
Continued on next page
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Table1.1 – continued from previous page
PN common name PN G classification RA Dec Binary
class
Period
(days)
Morhphology Reference(s
PHJ J1757-2824 PN G001.8−02.0 17 57 42.2 −28 24 07 Ec, I 0.799 B Miszalski et al.
(2009a)
PHR J1759-2915 PN G001.2−02.6 17 59 02.8 −29 15 01 Ec 1.103 B Miszalski et al.
(2009a)
MPA J1759−3007 PN G000.5−03.1 17 59 15.6 −30 02 47 El 0.503 E Miszalski et al.
(2009a)
PPA J1759-2834 PN G001.9−02.5 17 59 52.6 −28 34 47 I 0.305 B + I Miszalski et al.
(2009a)
BMP J1800-3407 PN G357.1−05.3 18 00 26.5 −34 07 49 Ec, I 0.145 Irr + I Miszalski et al.
(2009a)
PHR J1801-2947 PN G000.9−03.3 18 01 13.4 −29 47 00 I 0.316 B Miszalski et al.
(2009a)
M 1-34 PN G357.9−05.1 18 01 22.2 −33 17 43 Ec - B + R Miszalski et al.
(2009a)
PHR J1801-2718 PN G003.1−02.1 18 01 24.4 −27 18 09 I 0.322 E (+I) Miszalski et al.
(2009a)
PHR J1804-2913 PN G001.8−03.7 18 04 28.5 −29 13 57 I 6.660 MS + I Miszalski et al.
(2009a)
PHR J1804-2645 PN G004.0−02.6 18 04 59.5 −26 45 17 Ec 0.625 B Miszalski et al.
(2009a)
A 46 PN G055.4+16.0 18 31 18.3 +26 56 13 Ec 0.472 Irr Pollacco & Bell
(1994)
Hf 2-2 PN G005.1-08.9 18 31 30.9 −28 43 20 I 0.399 B Bond (2000)
Continued on next page
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Table1.1 – continued from previous page
PN common name PN G classification RA Dec Binary
class
Period
(days)
Morhphology Reference(s
Hen 2-428∗ PN G049.4+02.4 19 13 05.2 +15 46 40 Ec, El 0.176 B + R Chapter 6,
Santander-Garcı´a
et al. (2010a)
ETHOS 1∗ PN G068.1+11.0 19 16 31.5 +36 09 48 I 0.53 B + J Chapter 6
NGC 6778∗ PN G034.5−06.7 19 18 24.9 −01 35 47 Ec, I 0.15 B + J, L Chapter 6
A 63 PN G053.8−03.0 19 42 10.4 +17 05 14 Ec 0.456 B + J Bond et al.
(1978), Pollacco
& Bell (1993)
The Necklace∗ PN G054.2−03.4 19 43 59.5 +17 09 01 I 1.16 B + J, L, R Chapter 6, Cor-
radi et al. (2010)
A 65 PN G017.3−21.9 19 46 34.2 −23 08 13 E ∼1 B, MS Walsh & Walton
(1996), Shiman-
sky et al. (2009)
V 458 Vul PN 058.6−03.6 19 54 24.3 +20 52 47 S 0.068 Irr Rodrı´guez-Gil
et al. (2010),
Wesson et al.
(2008)
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1.5: PLANETARY NEBULAE WITH KNOWN CLOSE-BINARY CENTRAL STARS
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Figure 1.13: Period distributions for post-CE binaries: (a) bCSPN, (b) CVs (produced
using the catalogue of Ritter & Kolb 2003).
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1.6 This thesis
While there is strong theoretical support for the hypothesis that central star binarity
plays an important role in the shaping of aspherical PNe, observational support is sadly
lacking. The work in this thesis attempts to address this via two observational inves-
tigations into the influence of CSPN binarity on the morphological evolution of PNe.
Firstly, testing the theoretical prediction that any PN shaped by a binary central star
will be bipolar and that the axis of symmetry of that bipolar structure will lie perpen-
dicular to the plane of the central binary star. Secondly, testing the hypothesis that
specific morphological features, such as ringed waists and jet-like structures, can be
used to predict central star binarity, and therefore whether those structures are likely to
have arisen as a result of the influence of a binary partner.
As part of a programme to determine the true morphology of all PNe known to con-
tain a close-binary central star (Mitchell et al. 2007), longslit kinematical data along
with deep imaging are used to accurately determine the morphologies of three PNe
with close-binary CSPN. Much of the previous work to determine these nebular mor-
phologies were performed using deep imaging alone (Bond 2000, Pollacco & Bell
1997). However as pointed out by Balick & Frank (2002), and confirmed observation-
ally by Graham et al. (2004), elliptical or bipolar PNe may appear round when viewed
down their symmetry axes resulting in misclassification of some PN morphologies.
Additional kinematical information is therefore required in order to truly determine
the nebular morphology. This determined morphology, particularly its orientation, can
then be compared to published parameters for the central binary systems to determine
whether any bipolar structure is indeed perpendicular to the binary orbital plane, as
predicted. As highlighted in section 1.5, very few of the bCSPN known have been sub-
jected to a detailed study, therefore there are currently a limited number of objects for
which this comparison between nebular and binary inclinations can be made (further
discussion of these objects can be found in chapter 7). However, the parameterisation
of other known bCSPN systems is one of the major projects being undertaken as part
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of the PlaN-B working groupvi, meaning that the number of suitable objects should
increase steadily in the near future.
It is of great importance to build up a statistically significant sample of close-binary
CSPN, whose parameters are well constrained, as so few systems are known. The vast
majority of the bCSPN listed in table 1.1 were discovered through photometric moni-
toring, as such this represents the most successful technique for the detection of further
binaries. To acquire a statistically significant sample of bCSPN through the photomet-
ric monitoring of a random sample of PN central stars would require an extensive
observing campaign, both due to the expected binary fraction (currently estimated to
be ∼ 15%) and the number of observations required to ascertain whether any individual
central star shows variability consistent with binarity. As such, a targeted search was
performed, where the sample to be observed was made up of PNe with morphological
characteristics believed to be particularly prevalent amongst PNe with binary central
stars. In addition to increasing the number of known binary central stars, this also tests
the connection between central star binarity and particular morphological features as
identified in Miszalski et al. (2009b), probing whether these features are more likely to
develop as a result of the influence of a central binary.
In chapter 2, I outline the data reduction and analysis techniques used by the author
for all data presented in this thesis, both photometric and spectroscopic.
In chapter 3, I present kinematical observations and modelling of Abell 41, a per-
fect test-case to examine the link between nebular morphology and binary plane due to
the well-studied nature of its central star MT Ser, are presented in Chapter 3. The role
of A 41 as a test-case for planetary nebula shaping by a binary central star is explored,
in addition to the possibility that the nebula is being shaped by an interaction with the
ISM.
In chapter 4, I present a kinematical investigation of a second PN known to contain
a binary central star, ETHOS 1. While the parameters of the CSPN of ETHOS 1 are
viPlanetary Nebula Binaries - an international working group formed to coordinate the ob-
servational and theoretical efforts to understand the influence of central star binarity on PNe
(http://www.wiyn.org/planb/).
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poorly constrained (it has yet to be subjected to detailed study), my spatio-kinematical
modelling presents a means to predict the inclination of the central binary plane, which
could be tested by future studies. The spatio-kinematical modelling indicates that the
polar outflows of ETHOS 1 are kinematically older than the central nebular region.
This finding is discussed in the context of other PNe known to host bCSPNe that also
display polar outflows, and related to the evolution of the central binary star.
In chapter 5, I present a spatio-kinematical model of a PN often listed as having
a bCSPN, SuWt 2. The uncertain nature of the association between the nebula and
the reported double A-type binary central star is considered in context of the findings
from the modelling, with the possible formation of scenarios for the PN discussed. It
is concluded that SuWt 2 may, in fact, contain a trinary CSPN, but that there is no
evidence of a solely binary CSPN and, as such, it should be omitted from future lists
of PNe with bCSPNe.
Chapter 6 details a targeted photometric search for new bCSPN based on the mor-
phological characteristics of their host PNe. This project is on-going and, thus far,
only ten PNe have sufficient observations to be confident of detecting or ruling out
variability (a further three PNe have been removed from the sample due to nebular
contamination). Of these ten, six are found to be photometric variables, the periods of
which can be determined from the acquired data. Details are given for a further three
nebulae, from which incomplete datasets have been acquired. Finally, the success rate
(i.e., the rate of binary discovery) for this investigation is compared to similar investi-
gations, in order to ascertain the validity of the chosen morphological selection criteria
for use in future searches for bCSPN.
In chapter 7, I attempt to bring together the results from chapters 3 to 6, in order to
present a more complete picture of the influence of CSPN binarity on the morphologies
of PNe, with particular emphasis on those PNe studied in this thesis. Furthermore, I
attempt to present my results in the context of similar work, in order to investigate
the possibility of further links between spatio-kinematical structure and central star
binarity. I consider what trends, if any, can be found between nebular and binary
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parameters, which could then be used to constrain hydrodynamic models of both the
shedding of the CE and the formation of the subsequent PN. Finally, suggested future
work is detailed in section 7.5.
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Colour is my day-long obsession,
joy and torment
Claude Monet (1840 – 1926)
2
Data Reduction and Analysis Techniques
2.1 Introduction
All the data, both imaging and spectroscopy, presented in this thesis were reduced
by the author (unless explicitly stated otherwise). In this chapter, I will outline the
techniques employed to reduce the data and the various tests performed to ensure the
reduction was of a suitable standard for the stated science goals of each dataset. I will
begin in section 2.2 by describing the early stages of data reduction common to all data
presented, followed in section 2.3 by a detailed description of the photometric reduc-
tion and analysis performed for the data presented in chapter 6, and then in section 2.4
by a detailed description of the spectroscopic reduction and analysis performed for the
data presented in chapters 3, 4 and 5.
2.2 Initial steps for CCD data reduction
2.2.1 Bias subtraction
Any image or spectrum read-out from a CCD is subject to a voltage off-set level, known
as bias, applied to ensure the readout noise is properly accounted for. This off-set level
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must then be accounted for in the reduction of the data, and this correction is achieved
through use of a bias frame and/or bias strips.
A bias frame is a zero second exposure with the CCD shutter closed, such that
the resulting frame only contains the bias signal. This frame can then be subtracted
from the observations to correct for the off-set. However, a bias frame created by a
good quality CCD should show no fixed structure (as the DC offset should be uniform
across the chip) and display only readout noise. The subtraction of such a frame can
therefore add additional noise to an observation frame. In practice this is overcome by
taking several bias frames and averaging them as a median, or by subtracting a mean
bias level determined from bias strips generated by scanning. The bias level, as seen
in a bias strip, is shown in figure 2.1, which plots a partial ‘slice’ across a raw image
crossing from the bias strip into the data region (the reduced image is shown in figure
2.5).
In the starlink software suite, bias reduction is performed using the programmes
contained in the ccdpack package (Draper et al. 2006). Bias frames are combined, to
create a master bias frame, using the makebias routine, either by simply combining
the supplied bias frames to produce an average or by zeroing the mean of each frame
before combining (maintaining a mean of zero). The second option then allows the bias
to be subtracted, using the debias routine, by the application of an additive constant
(determined for each frame using the bias strips), thus tracking small variations in the
bias level throughout the observations. Wherever possible (i.e. for all CCDs with bias
strips) this zeroed bias subtraction method was used.
2.2.2 Flat-fielding
In order to ensure the accuracy of any measurement made with a CCD it is necessary
to account for the varied response across the chip. This varied response arises from
several sources, such as differential sensitivity of individual pixels, defective pixels
(known as hot or bad pixels), imperfections in the optical surfaces (e.g. filters) and
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vignetting. For imaging observations, this correction is performed using a flat-field
frame, taken with the telescope and CCD uniformly illuminated (either by pointing the
telescope at an empty fieldi at twilight or dawn; or pointing at an illuminated portion
of the inside of the telescope dome). The median of several of these frames (each with
a slightly different pointing, such that any field stars never appear in the same position
on the frame, meaning their contribution is removed by taking the median), normalised
to a mean level of unity, can then be divided into the observation frames to produce
uniform images. An example of a twilight flat-field frame is shown in figure 2.2. It
is important to note that all of the variation across this frame is caused by the optical
system itself, for example the ‘rings’ are actually caused by dust on the optical surfaces
rather than, say, being out of focus field stars.
Before combining flat-field frames, all were checked to ensure that no part of the
CCD had left the linearity regime (such that no contribution to the pixel-to-pixel vari-
ations were as a result of a non-linear response). The frames were then combined to
make a master flat-field using makeflat, and then the necessary correction applied to
all data frames using flatcor (both part of the ccdpack package, Draper et al. 2006).
For spectroscopic data, the equivalent of a flat-field correction is usually performed
using a spectro-photometric standard star (a star which has a well-defined spectrum).
This involves taking spectra of these standard stars during the night, so that the required
correction can be determined through comparison of observed and expected spectra.
These stars are used, rather than lamps or the night sky, as their variation in brightness
with wavelength is well constrained. However, for the high-resolution spectroscopy
presented in this thesis this method becomes impossible as the spectra of standard stars
are not well-defined at such high resolutions, therefore it becomes more appropriate
to use a tungsten lamp which has an approximately flat spectrum across the region of
interest. This correction was not performed for any spectroscopic data presented in this
iHere an empty field is a star field containing no, or as few as possible, stars brighter than the sky
brightness at the time the flat-fields are taken. Stars much fainter than the sky at the time of observation
are not problematic as their contribution to the detected signal is small enough that the field can be
considered uniform.
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thesis, as it is neither particularly reliable nor necessary for later analyses performed
(as the variation spectral response is minimal in the small regions of interest).
2.2.3 Cosmic ray event removal
Cosmic rays are energetic, charged, subatomic particles of astrophysical origin, which,
when incident on the Earth’s atmosphere, trigger showers of secondary particles which
reach down towards the Earth’s surface (Fermi 1949). When these secondary particles
are incident on a CCD mid-exposure (known as a cosmic ray event, CRE), they deposit
much of their energy in a small area (often just a pixel or two), dramatically increasing
the count measured in that region. In starlink, the removal of CREs can be performed
using the automated CRE detection and cleaning algorithms implemented in bclean
(Draper et al. 2006). The detection of CREs by bclean depends on a selection of user-
input parameters, the most important of which are CRSIG, CRFACT, CRMINV and
CRSHARPNESS (all of which were set based on the default values and a process of
trial and error, for each dataset). The algorithm compares the value of every pixel with
the average value of its nearest neighbours and considers a pixel to be affected by a
CRE if the pixel value exceeds the average of its neighbours by: (a) an amount greater
than CRSIG times the square root of the average, (b) a factor greater than CRFACT,
(c) by at least CRMINV counts. Furthermore, to distinguish between stars and CREs,
a sharpness test is performed, measuring the height of a suspected CRE with respect to
the immediately surrounding region and to a region slightly further out from the CRE
candidate, parameterised by the CRSHARPNESS parameter (this works on the fact
that stars, even in good seeing conditions, tend to have larger FWHMs than CREs).
Following their detection, bclean then removes the CREs by interpolating replacement
pixel values from neighbouring pixels in the same row or column (chosen by which
direction results in the smaller residuals).
For the nebular images and spectroscopy presented in chapters 3, 4 and 5, cosmic
rays close to the regions of interest were removed manually using clean, before bclean
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was used to rid the rest of the CCD frame CRE events. This manual removal was per-
formed to ensure that the CREs found inside or close to the nebulae (for the imaging)
or emission lines (for the spectroscopy) were removed without affecting the overall
observed structure (by careful selection of the direction for interpolation for replace-
ment pixel values). A good example of the benefit of this manual cleaning is shown in
figure 2.3, where (a) shows an emission line spectrum affected by a CRE, (b) the out-
put from bclean, where the automatic choice of direction for interpolation has resulted
in the creation of spurious emission, and (c) the manually cleaned output deemed to
have successfully removed the CRE. It is important to note that for the majority of the
data, bclean would have produced an almost identical output, but around the nebular
PV arrays where the emission profile is often non-gaussian, the bclean algorithms can
struggle to deal with the removal of CREs.
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Figure 2.1: A one-pixel wide, partial slice across the raw version of the image shown in
figure 2.5, showing the bias strip as the roughly constant region of lower counts (∼180)
between 0- and 8-pixels along Axis 1. Beyond the bias strip, the count increases as this
region is exposed to the sky. Stars can be seen in the slice as gaussian peaks above the
background sky level at approximately 23- and 86-pixels
.
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Figure 2.2: An I-band flat-field frame taken with the 1.9-m Radcliffe Telescope of the
SAAO. The bias strips can be seen as the un-exposed vertical lines on the left and right
sides of the frame.
David Jones 81
2
:D
ATA
RED
U
C
TIO
N
AN
D
ANALYSIS
TEC
H
N
IQ
U
ES
(a) (b) (c)
Figure 2.3: An [Nii]6584 Å emission line profile from A 41 (chapter 3): (a) the raw profile clearly containing CREs, (b) the
bcleaned profile, where the automated choice of direction for interpolation has failed to successfully remove one of the CREs
nearest the emission (at around 400, 255; altering the shape of the profile), but has successfully removed all others (58 in total), and
(c) the manually cleaned profile with all CREs successfully removed. This demonstrates the benefit of manually removing CREs
in important regions before using the automated algorithm to clear the rest of the CCD frame.
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2.3: PHOTOMETRIC DATA REDUCTION AND ANALYSIS
2.3 Photometric data reduction and analysis
2.3.1 Photometric variability due to binarity
The vast majority of the bCSPNe listed in Table 1.1 were discovered through time-
resolved photometry. This involves measuring the brightness of a possible binary
system at multiple epochs thus allowing the detection of any periodic variability as-
sociated with the orbit of the binary (caused by, for example, eclipses or the irradiation
of the facing hemisphere of a cool secondary by a hot primary).
2.3.2 Differential photometry
The apparent magnitude, m, of a star is related to the measured instrumental magnitude,
minst by
m = minst + Z + KX (2.1)
where Z is the zero point of the instrumental set-upii, K is the atmospheric extinction
coefficient and X is the average air mass of the observation (Hilditch 2001). For any
given observation the term Z + KX is a constant for all stars on that frame (excluding
any colour dependence). As a result, the difference in magnitudes, ∆m, between two
stars, a and b, is given by
∆m = ma − mb (2.2)
= minst−a + Z + KX − (minst−b + Z + KX) (2.3)
= minst−a − minst−b (2.4)
Therefore the difference in magnitude between two stars on the same frame is inde-
pendent of KX, meaning that by comparing the brightness of a target to a field star it
is possible to remove any dependence on the observing conditions. Thus, by measur-
iiThe zero point is defined as the magnitude of an object that produces one count per second on the
CCD (Mobasher 2002).
David Jones 83
2: DATA REDUCTION AND ANALYSIS TECHNIQUES
ing the brightness of a source with respect to a non-variable comparison at multiple
epochs, it is possible to recover the intrinsic variability of the source (providing that
the flat-field process has removed any variability in response across the detector).
2.3.3 Aperture photometry
In practice, the measurement of the brightness of a star is performed by placing an
aperture (usually circular) around the star and summing the CCD counts within that
aperture, and subtracting a background level determined using a second aperture, or
annulus surrounding the first, which contains only sky background. In differential
photometry, this analysis is performed for both target and comparison star, and the
total counts (or flux) of each star is related to the magnitude by
m = −2.5 log10
(
F
F0
)
(2.5)
where F0 is a reference flux equivalent to a magnitude zero star and F is the flux of the
star. Similarly, the difference in magnitudes, ∆m, between two stars, a and b, is given
by
∆m = ma − mb (2.6)
= −2.5 log10
(
Fa
Fb
)
(2.7)
The diameter of this aperture is generally taken to be approximately three times the
seeing disk of the observation, as this presents the maximum signal-to-noise for point
sources (see figure 2.4; Naylor 1998). This is greater than the ideal theoretical aperture
size (the peak of the solid line in figure 2.4). due to effect of finite pixel size (Naylor
1998).
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Figure 2.4: Signal-to-noise ratio (Qap sV0.5s T−1, see Naylor 1998 for a detailed explana-
tion) as a function of aperture size for: a model faint star represented by a well sampled
Gaussian PSF (solid line), such that the noise is dominated by counts from the sky, and
real data obtained using the Keele 0.6-m telescope (crosses). Figure reproduced from
Naylor (1998).
2.3.4 Practical application
All the observations presented in chapter 6 were bias subtracted, flat-fielded and re-
moved of cosmic rays, as detailed in section 2.2. Due to the number of observations
being reduced, no manual CRE removal was performed. To ensure the automated
cleaning was of an adequate standard, several frames from each night were examined
for unremoved CREs (and the parameters used by bclean adjusted by trial and error,
if a significant number of CREs remained). An example reduced image, of the PN
NGC 6326 (chapter 6), is shown in figure 2.5.
Aperture photometry for each frame was then performed using SExtractor (Bertin
& Arnouts 1996). SExtractor, when employed in aperture photometry mode, extracts
aperture integrated counts for all sources in the field satisfying a series of selection
criteria. This is performed through two passes through the data. During the first pass,
a model of the sky background is constructed, such that the contribution from the sky
can be removed from the final photometry (an example background model is shown in
figure 2.6). The determination of this background model is governed by the choice of
mesh size used to calculated the local mean and mode of every pixel (see Bertin 1997
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for full details), with small values introducing random noise and including contribu-
tions field stars and galaxies, while large values are unable to reproduce most of the
variation in the background. In order to try and account for small scale nebular con-
tribution to this background (see section 2.3.5 for further details), the mesh size was
set to the minimum recommended width of 32 pixels. However, for the brightest or
most compact nebulae, the nebular contamination was clearly still present even after
background subtraction (see figure 2.7, for details of how this was addressed see sec-
tion 2.3.5). After background determination, the data is passed over again, the image is
background-subtracted, then filtered and thresholded to identify detections. Aperture
photometry is then performed for each of the sources identified, and the results written
to an output catalogue. The default values for parameters constraining the filtering and
thresholding were used, following the prescriptions in Bertin (1997)iii.
The use of SExtractor was implemented using a perl script (written by the au-
thor), to replicate the methodology employed by Ga¨nsicke et al. (2004) and Pyrzas
et al. (2009). Here, SExtractor is run for each frame twice, firstly with a large aper-
ture (with a radius of ∼5”). The resulting output catalogue is then used to compute
the median seeing for the image, before running SExtractor again with the aperture
set to a radius of 1.5× the median seeing (as this is expected to give the best signal-
to-noise ratio, see section 2.3.3). The output catalogue from this second iteration was
then searched for sources within 3” of the approximate pixel positions of the target and
two comparison stars (input by the user), with the data for these objects transferred to a
second catalogue, in order to compile the data from each frame into a single file. To ac-
count for any drift between exposures, the search locations for each star were updated
after each frame to the position of the star on the previous frame. Upon completing this
process for the final frame supplied to the script, the extracted data was then used to
perform differential photometry, computing differential magnitudes for the target (with
respect to the first comparison star) and the first comparison star (with respect to the
iiiOther parameters close to the defaults were tried, but no significant effect on the output catalogue
was found. Therefore, default parameters were used.
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second). The final output of the script was then a series of plots, including the differen-
tial magnitude of the target and comparison against heliocentric Julian date (computed
using the astro::time perl routines, based on the algorithms of Stumpff 1980).
Two comparison stars were used in order to ensure that no detected variability
resulted from the choice of comparison, as the differential magnitude of a chosen com-
parison star, with respect to a second, should show no variability (unless either star
is a variable star, and therefore unsuitable for use as a comparison). Two stars were
used, rather than > 2, in order to ensure that the same analysis script could be used for
all targets (i.e. even those in sparse fields where few good comparisons are available).
Figure 2.8 shows that the choice of comparison stars is relatively unimportant, as the
differential magnitudes of the selection of stars, from across the field shown in figure
2.5, are all non-variable across the dataset, and therefore that all would be suitable for
use as comparison stars. Comparison stars were chosen based on the following criteria:
• Not contained within the nebula itself, in order to reduce the risk of nebula con-
tamination.
• In uncrowded regions, so as to reduce the possibility of confusion in poor seeing.
• Of equal or, preferably, greater brightness than the target CSPN (minimising
the contribution of the counting error, which is equal to the square root of the
number of counts), but without saturating or exceeding the maximum count for
linear CCD response.
• Where several good comparisons were available, those closer to the CSPN were
preferred, so as to reduce the impact of any error in the determination of the
background counts (closer stars should be subjected to roughly the same back-
ground subtraction).
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Figure 2.5: An example Stro¨mgren-Y image of NGC 6326 (the diffuse emission around
pixel 200, 400, see section 6.3.2 for more details). The two comparison stars used are
marked (1) and (2), with four other stars used to confirm that these are non-variable
marked (3), (4), (5) and (6). Plots of the differential magnitudes of these stars are
shown in figure 2.8. Note that the PN is not centred in the frame, to ensure the avail-
ability of good comparison stars.
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Figure 2.6: The SExtractor background model for the Stro¨mgren-Y image of
NGC 6326 shown in figure 2.5. The background has a mean count per pixel of ∼324
and a standard deviation of ∼3.
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Figure 2.7: The Stro¨mgren-Y image of NGC 6326 (shown in figure 2.5) with the SEx-
tractor background model (figure 2.6) subtracted. The nebula is still clearly visible,
as the background model cannot be formed over a grid small enough to account for the
nebula, without adversely affecting the stellar sources present.
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Figure 2.8: Differential magnitudes of the two comparison stars (numbered 1 and 2)
used for NGC 6326 (section 6.3.2), with respect to four field stars (numbered 3 to 6,
figure 2.5). It is clear, for all combinations of stars, that the differential magnitude is
approximately constant, confirming the suitability of stars 1 and 2 as comparison stars.
The residuals are all within the errors for each point, except for the sixth data point
of each plot involving comparison star 1. This is due to a CRE within the FWHM of
comparison star 1 on that data frame, and its removal, slightly increasing the measured
brightness of the star.
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2.3.5 Complications of Planetary Nebula central star photometry
Figure 2.9: A spectrum of the PN in Sextans A, reproduced from Magrini et al.
(2005). This is a fairly typical PN spectrum, showing the bright [Oiii]5007 Å, Hα
and [Nii]6584 Å emission lines. It can be clearly seen that the I-band (∼750–850-nm),
Stro¨mgren-Y (∼540–560-nm) and Geneva-G (∼565–585-nm) contain very few bright
nebular emission lines, and therefore offer the best possibilities to observe the CSPN
without nebular contamination.
Contamination by nebular emission (lines or continuum) means that acquiring ac-
curate measurements of the flux from the central stars of planetary nebulae can be
problematic, particularly when the seeing varies greatly between observations (as the
size of the aperture is generally matched to the seeing, i.e. for poorer seeing more
nebular emission would be covered by the aperture skewing the measurement). Some
of this nebular contamination is removed by the background estimation performed by
SExtractor, however some contamination may still remain (see figure 2.7).
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In general, the best way to combat nebular contamination is to make use of filters
which minimise the nebular flux with respect to that of the central star (i.e. those whose
bandpass covers the fewest or faintest nebular emission lines). An example PN nebular
spectrum, with the main emission lines identified, is presented in figure 2.9, clearly
showing that filters used in chapter 6, I-band (∼7500–8500Å), Stro¨mgren-Y (∼5400–
5600Å), Geneva-G (∼5650–5850Å), offer some of the best options for reducing the
nebular contamination, as they contain very few bright lines.
Checks were performed for each object to ensure that no (or at least minimal)
variability detected was as a result of nebular contamination. Firstly, the first frame
acquired was examined using the starlink programme gaia, to ensure that the star was
visible above the background nebula and therefore that the brightness of the CSPN
was actually being measured rather than the brightness of the central region of the
PN. Secondly, the differential magnitude of the central star (c.f the comparison star)
was plotted against the seeing for each frame. If the target and seeing are not varying
with the same period, then the resulting plot should contain no discernible trend, un-
less nebular contamination is having an effect. As the aperture size is varied to match
the seeing, a larger seeing means the aperture will encompass more of the nebula, in-
creasing the measured brightness. Therefore, a direct correlation between seeing and
measured differential magnitude was taken as an indicator that the variability was as
a result of nebular contamination rather than intrinsic variability (see figure 2.10(a)).
For larger nebulae, this effect could be counteracted by using a fixed radius aperture
for all observations (rather than one tailored to the seeing of each individual obser-
vation), with the diameter of this aperture determined by the maximum seeing of all
the observations (see figure 2.10(b)). This fixed aperture maintained the nebular con-
tamination at a relatively constant level (assuming the nebula is fairly uniform within
and immediately around the aperture) allowing the variability of the central star to be
assessed (the greatest downside being that the signal-to-noise is reduced). Using an
aperture tailored to the maximum seeing was, however, inappropriate in the most vari-
able conditions, where the resulting aperture would have been overly large for the vast
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majority of frames. In these circumstances, those frames with exceptionally large see-
ing (> 2× the median seeing) were rejected and a smaller aperture used, in order to
avoid washing out the CSPN variability by adding unnecessary amounts of nebula into
the aperture.
2.3.6 Determining the orbital period
In order to determine the periodicity of any dataset it is necessary to transform the data
to a new representation, in frequency rather than time. This transformation is known
as a Fourier transform, generally defined as
F(ν) =
∫ +∞
−∞
f (t)ei2πνtdt (2.8)
where F(ν) is the complex Fourier transform of the function f (t) (Deeming 1975).
However, in the case of photometric data, the function f (t) is not defined from −∞ →
+∞, only at specific points corresponding to the observations, which occur within a
limited time. It is, therefore, necessary to use the analogous discrete Fourier transform,
FN(ν), defined as
FN(ν) =
N∑
k=1
f (tk)ei2πνtk , (2.9)
where f (tk) is the kth data point (of a series of N), corresponding to a time tk iv. How-
ever, this analysis is highly susceptible to so-called “spectral leakage” (Deeming 1975),
of which there are two forms: (i)Leakage to nearby frequencies due to the finite period
over which all the data was taken, and (ii) Leakage to distant frequencies to the finite
time between individual observations. This problem, however, can be accounted for
through the computation of a window function, essentially the discrete Fourier trans-
form of the same dataset with every point set equal to unity, such that the final output
shows only the effects of spectral leakage. A more critical problem is that the resulting
ivIt should be noted that while the analogy between the Fourier transform and the discrete Fourier
transform is clear, the two are dimensionally different (as the discrete Fourier transform does not contain
a multiplying factor ∆t, Deeming 1975.
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function can be very noisy even when the data itself is not particularly noisy, and that
this noise does not diminish in amplitude with increasing sample size (Scargle 1982).
This led Lomb (1976) and Scargle (1982) to develop an alternative analysis (essentially
a redefinition of this classical treatment).
The Lomb-Scargle analysis first involves determining the mean, ¯h, and variance,
σ2, of the data set (consisting of differential magnitudes of values hi taken at times ti,
where i = 1, ...,N and N is the total number of observations), given by
¯h = 1
N
N∑
1
hi (2.10)
σ2 =
1
N − 1
N∑
1
(
hi − ¯h
)2
. (2.11)
The Lomb-Scargle normalised periodogram is then defined as
PN(ω) = 12σ2

(∑
i
(
hi − ¯h
)
cosω (ti − τ)
)2
∑
i cos
2 ω (ti − τ) +
(∑
i
(
hi − ¯h
)
sinω (ti − τ)
)2
∑
i sin2 ω (ti − τ)
 (2.12)
where the time-offset τ is defined by the relation
tan (2ωτ) =
∑
i sin 2ωti∑
i cos 2ωti
(2.13)
for each angular frequency of interest, ω = 2π f .
The definition of the constant τ has the benefit of making PN(ω) invariant to time
translation (i.e. the periodogram is independent of the time origin), as if t becomes
ti + T0 then τ becomes τ + T0; cancelling out in the arguments of Equation 2.12 (Scar-
gle 1982). Additionally, this choice of offset makes Equation 2.12 equivalent to the
reduction in the sum of squares of a model fit
h(t) = A cosωt + B sinωt (2.14)
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This demonstrates the suitability of the method for unevenly sampled data as it weights
the data on a “per point” basis rather than a “per time interval” basis (Press & Rybicki
1989). However, as previously indicated the benefit of using a Lomb-Scargle analysis
over a tradition Fourier analysis lies in the reduced noise in the final periodogram. This
is best demonstrated in figure 2.11, which shows how the Lomb-Scargle periodogram
of an artificial dataset varies with the addition of random noise (even dealing well with
noise amplitudes greater than the amplitude of the intrinsic variability of the input
data).
In practice, the Lomb-Scargle periodogram, consists of a series of discrete cal-
culations (as in equation 2.12) to determine the spectral power in each frequency of
interest, as defined by a minimum frequency, maximum frequency and the frequency
interval. For the data presented in chapter 6, the periodograms were determined using
the Lomb-Scargle analysis as employed within the starlink package period based on
the algorithm presented in Press & Rybicki (1989; Dhillon et al. 2001). The minimum
frequency, maximum frequency and frequency interval used were initially set to the
default values of 0, the Nyquist frequencyv and 1
4 × total time interval
, respectively.
Once a periodicity had been identified, the Lomb-Scargle analysis was repeated with
the parameters refined (generally the maximum frequency lowered and the frequency
interval decreased), in order to better constrain the frequency peak. Each data set was
then folded on the peak of its periodogram and visually inspected to check the validity
of the period. The periodograms were also inspected for further large peaks indica-
tive of other possible periodicities (which were then tested by folding the data on that
period and visually inspecting the result). The error on the period and amplitude of
variability, were then estimated by fitting a sine curve to the data, again within period
(Dhillon et al. 2001). For each sine fit, the reduced χ2 was extracted in order to provide
an assessment of the quality of the fit, here a χ2 ∼ 1 indicates a good match, in accord
with the errors, between the data and the fit (Wall & Jenkins 2003).
vNyquist frequency = 1
2 × smallest data interval
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Figure 2.10: A plot of seeing against differential magnitude for NGC 6326 using (a)
an aperture tailored to the seeing, and (b) a fixed aperture of 4.5” radius. There is a
clear correlation between seeing and magnitude for the tailored aperture (a), showing
that significant nebular contamination is present. However, the fixed aperture plot (b)
shows no correlation, which is taken as an indicator that the nebular contamination has
been maintained at a relatively constant level.
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Figure 2.11: Lomb-Scargle periodograms calculated from an artificial and idealised
dataset with differing levels of random noise (reproduced from Hilditch 2001). The top
panel contains no noise, only the artificial signal made up of symmetric pulses of unit
height with Gaussian FWHMs of 0.06-s and a period of 1.35 seconds, observed over
a period of 100-s. The lower panels show the decrease in Lomb-Scargle power with
the amount of random noise added to the data (listed in terms of the standard deviation
of the input data, σ, which is equal to 0.194 in this example). In the second lowest
panel (15σ) the noise amplitude is approximately three times the pulse amplitude,
but the Lomb-Scargle analysis still identifies the correct periodicity in the data. It is
only in the very lowest panel (30σ, noise amplitude approximately six times the pulse
amplitude) that the identified periodicity has become ambiguous.
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2.4 Spectroscopic data reduction and analysis
2.4.1 Echelle spectroscopy
Figure 2.12: A schematic of an echelle spectrometer blazed at an angle δ and with a
groove separation a (reproduced from Bryce 1992).
Echelle spectrometers utilise reflection gratings to achieve very high dispersion by
operating at high spectral orders. This high dispersion is required to study the intrinsic
velocity structure of PNe, which have relatively low expansion velocities (typically of
order 10–30 km s−1).
The diffraction limited resolving power, Rmax of a diffraction grating with N grooves,
operating at wavelength, λ, is given by
Rmax =
λ
δλ
= mN (2.15)
where m is the spectral order and δλ is the smallest resolvable wavelength separation
(Schroeder 1987). Thus, high spectral resolution can be achieved by maximising either
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the spectral order or number of grooves.
A schematic of an echelle grating, blazed at an angle δ such that the optical axis
is displaced from perpendicular to the grating face normal by an angle θ, is shown in
figure 2.12. The relationship between spectral order and the input, φ(= α + θ), and
output, φ′(= β − θ), angles of a ray of light incident on a reflection grating is given by
the standard grating equation
mλ = a(sinφ ± sinφ′) (2.16)
where a is the separation between the grooves of the grating.
Therefore, in order to observe individual emission lines at high resolution (in high
spectral orders), it is important that the grating is tilted (or blazed) with respect to the
optical axis of the instrument (as is the case in an echelle grating). This ensures that
the majority of the incident light is directed into high spectral orders, c.f. a grating
with groove faces perpendicular to the optical axis which will direct the light into the
zeroth order.
For a blazed grating the standard grating equation given in Equation 2.16 becomes
mλ = a{sin(δ + φ) + sin(δ − φ′)} (2.17)
mλ = a{sin(δ + α + θ) + sin(δ − β + θ)} (2.18)
By differentiating equation 2.17 (dφ′/dλ) and assuming a Littrow configuration
(where φ = φ′), the spectral resolution, R, is determined to be
R dφ = 2 sin δ cos φ
cos(δ − φ) (2.19)
where dφ is the maximum angular slit width that can be used without lowering the
resolution (Meaburn et al. 1984). Here lies the advantage of using a blazed echelle
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grating over a low-dispersion grating, in that a wider slit can be used whilst obtaining
the same spectral resolutionvi. The use of a wider slit permits more light to enter the
spectrometer, thus reducing the required integration time for any observation. Meaburn
et al. (1984) showed that in order to maximise both the resolution and maximum slit
width then the blaze angle should be as high as possible, this is, however, limited by
reflection of incoming light by the vertical sides of adjacent grooves (which is much
more prevalent at high blaze angles).
For an echelle grating, the angular dispersion is given by
δβ
δλ
=
sinφ′ + sinφ
λ cosφ′
=
m
a cosφ′
(2.20)
Therefore, for a given λ, provided the angles φ and φ′ are large, high angular
dispersion can be obtained by operating in a high spectral order even with a coarsely
ruled grating. As a result, echelle gratings are designed with lower groove densities
than low-dispersion gratings (30 to 300 per mm c.f. 300 to 1200 per mm for low-
dispersion gratings, Schroeder 1987).
There is intrinsic difficulty in observing at high spectral order, as the free spectral
range of each order is very small, causing adjacent orders to overlap. In order to
prevent overlapping orders it is necessary to use either a cross-disperser, to separate
the orders, or a narrow-band filter, to isolate the region or emission lines(s) of interest
(the advantage of the latter being that a longer slit length can be used).
In this thesis, spectral data is presented from two echelle spectrometers. In the
Northern hemisphere, the Manchester echelle spectrometer was employed at the Ritchey-
Chretien focus of the 2.1-m, f/8 San Pedro Ma´rtir Telescope (MES-SPM) in Mexico
(Meaburn et al. 2003). MES-SPM operates in the range 3900-9000 Å with a resolving
power of λ/δλ ≤ 105. The grating has a blaze angle of δ = 64.5◦ with 31.6 grooves
mm−1. A narrow-band filter is used, rather than a cross-disperser, to isolate individual
emission lines in a single spectral order. A schematic of the MES-SPM set-up is shown
viIt is also of interest to note that the resolution of an echelle spectrometer, in this configuration, is
independent of the spectral order, m.
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in figure 2.13.
Southern hemisphere targets were observed using the now decommissioned ESO
Multi-mode Instrument (EMMI) at the Nasmyth focus of the 3.58-m f/2.2 New Tech-
nology Telescope (NTT) at La Silla, Chile (Dekker et al. 1986). The optical path of
EMMI is divided into two arms: blue for 3000 ≤ λ ≤ 5000 Å and red for 4000 ≤ λ ≤
10000 Å. Each arm is then divided into two for imaging and spectroscopy. High res-
olution echelle spectroscopy can only be performed using the red arm (REd Medium
Dispersion, REMD), providing a resolution of ≤ 70000. As in MES-SPM, a nar-
rowband filter is used to isolate individual emission lines in a single spectral order.
Additionally, EMMI in REMD mode employs two CCD chips in a mosaic, with a 47
pixel (7.82 arcsec) gap between the chips appearing in the data as a blank strip (or as
containing some signal after the automated cleaning described in section 2.2.3, as this
region is identified as a ‘bad row’ and assigned values interpolated from neighbouring
rows).
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Figure 2.13: A schematic of MES-SPM reproduced from Meaburn et al. (2003).
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2.4.2 Longslit spectroscopy
Longslit spectroscopy is a technique that obtains simultaneous spatial and spectral in-
formation from extended sources. This allows measurement of the velocity field of the
source along the slit (other suitable techniques, such as integral field spectroscopy and
Fabry-Perot spectroscopy, are briefly discussed in section 1.3). Light passes through
the slit before entering the spectrometer and being dispersed (figure 2.13). Following
the convention of Bryce (1992), the pixels in the spatial and spectral directions will be
referred to as increments and channel numbers, respectively.
In this section the details of longslit echelle spectral data reduction will be outlined,
in particular with reference to the data presented in chapters 3, 4 and 5. All spectral
data in this thesis were reduced by the author using standard starlink routines in the
packages ccdpack (Draper et al. 2006), figaro (Shortridge et al. 2004) and kappa (Cur-
rie & Berry 2011; Currie et al. 2008). All spectra were bias-subtracted and cleaned of
cosmic rays (as outlined in section 2.2).
Each data frame was accompanied by at least one arc frame, containing emission
lines of known wavelength. These arc frames were used to wavelength calibrate each
data frame (a raw Hα+[Nii] longslit spectrum of Abell 41 is shown in figure 2.14).
Thorium-Argon (ThAr) is the standard lamp used for calibration of optical spectra as
it contains a fairly even distribution of bright lines at both red and blue wavelengths.
A raw image of a ThAr arc frame, that accompanies the Hα+[Nii] data frame shown
in figure 2.14, is shown in figure 2.15. The channels numbers and wavelengths of lines
identified for use in the calibration of these data are listed in Table 2.1. The ThAr
spectral lines used to wavelength calibrate science frames of the [Oiii]5007 Å emission
line are shown in figure 2.16.
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Figure 2.14: An uncalibrated Hα+[Nii] longslit spectrum of Abell 41 (chapter 3).
Spectral dispersion is in the x-direction and increments along the slit in the y-direction.
The three bright patches of emission appearing around 250 increments along the slit
are the [Nii]6548Å (channel number 25), Hα (channel number 180) and [Nii]6584 Å
(channel number 440) emission from the planetary nebula Abell 41. The curved verti-
cal lines are airglow lines and the faint horizontal line at 110 increments along the slit
is continuum emission from a field star.
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Table 2.1: Channel numbers of ThAr arc lines present in figure 2.15 and their corre-
sponding wavelengths for a cross-section of 250 slit increments.
Channel number Wavelength (Å)
66 6551.7055
90 6554.1603
137 6558.8756
321 6577.2146
389 6583.9060
437 6588.5396
467 6591.4845
493 6593.9391
Figure 2.15: An uncalibrated ThAr longslit arc frame used to calibrate the raw data
frame shown in figure 2.14.
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Figure 2.16: A MES-SPM ThAr spectrum used in the calibration of [Oiii]5007 Å data,
with lines used in the calibration identified.
In order to wavelength calibrate a data frame it was first necessary to determine the
dispersion relation (wavelength-to-channel correspondence) across that frame using
the arc frame using arc2d, from the starlink package figaro (Shortridge et al. 2004),
as detailed below. Initially, arc lines present on the arc frame were manually identified
on a collapsed one-dimensional spectrum of the arc frame, and then assigned a known
wavelength. As many lines were identified as possible, as the calibration is only well
constrained in regions with sufficient lines identified. The arc lines were then binned
in the spatial direction in order to increase the signal-to-noise ratio, usually into 2-3
pixel bins as larger bins would begin to incorporate the curvature of the lines along
the spatial direction (due to increased path length away from the optical axis, see e.g.
figure 2.15). Gaussian profiles were then fitted to each bin in the spectral direction
in order to determine the centroid and full-width half-maximum of each line. A third
order polynomial was then fitted to the centroids along the slit length in order to correct
for the aforementioned curvature along the spatial direction.
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The dispersion relation was then calculated by fitting a polynomial (usually third
order, unless fewer than 5 lines have been identified) along the spectral axis at each
increment. The fit was only considered acceptable if each ThAr arc line is fitted to
≤0.01 Å. An example dispersion relation for an MES-SPM spectrum, along with the
residuals for each arc line identified, is shown in figure 2.17. The fit can only be well
constrained in regions where there are sufficient arc lines, for Hα and [Nii]6584 Å this
is not a problem as there are eight arc lines well distributed between 6550–6600 Å
(table 2.1), however for [Oiii]5007 Å this may present a problem as there are only
three lines in the region (figure 2.16). [Oiii]5007 Å does lie in a region with arc lines
at both higher and lower wavelengths, indicating that a reasonable fit is not out of
the question (regions towards the edge of the chip where no arc lines are found are
obviously very poorly constrained in the dispersion relation fit). The quality of the
[Oiii]5007 Å fit can be tested by comparing the dispersion relation to that found for an
Hα frame with an identical set-up, as equation 2.18 indicates that for a given location
on the chip mλ should be a constant. Therefore, as MES-SPM operates at m = 87
for Hα and m = 114 for [Oiii]5007 Å (the only reason the two do not appear on the
same exposure is through the use of interference filters to isolate a single order), it
is possible to compare the Hα dispersion relation, which is well-constrained, to the
relatively poorly constrained [Oiii]5007 Å dispersion relation (with minimal residuals
indicating a good fit). A plot of the determined [Oiii]5007 Å dispersion relation, and
the residual between it and the Hα fit transformed to the 114th order, is shown in figure
2.18, indicating that around the [Oiii]5007 Å emission line the fit can still be considered
good to < 0.03Å (or < 2 km s−1).
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Figure 2.17: A dispersion relation fit for an Hα MES-SPM spectrum (top panel), based on the arc lines listed in table 2.1 (crosses).
The residuals between the arc lines and the fit are shown in the lower panel, with the desired <0.01Å limits marked by dashed lines.
The vertical dashed lines on both panels show the rest wavelengths of the three emission lines of interest ([Nii]6548 Å, Hα and
[Nii]6584 Å).
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Figure 2.18: A dispersion relation fit for an [Oiii]5007 Å MES-SPM spectrum (top panel), based on the arc lines identified in figure
2.16 (crosses). The residuals between the fit and the 87th order fit (shown in figure 2.17) shifted to the 114th order are shown in the
lower panel, with <0.03Å and <0.05Å limits marked by dashed lines (indicating that the fit is reasonable in the central region, but
very poorly constrained towards the edges). The vertical line on both panels marks the rest wavelength of the [Oiii]5007 Å emission
line.
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2.4: SPECTROSCOPIC DATA REDUCTION AND ANALYSIS
Once an acceptable fit had been determined, the dispersion fits for each cross-
section were outputted to a .iar file. This file was then used to rebin the data frame
on to a linear wavelength scale, using the programme iscrunch (a process known as
scrunching; Shortridge et al. 2004). The accuracy of a given calibration was then
checked by scrunching the original arc frame with its own .iar calibration file (with all
arc lines expected to appear vertical and at their rest wavelengths as supplied during
the identification process)vii. A scrunched version of the raw ThAr spectrum, shown
in figure 2.15, is shown in figure 2.19.
Figure 2.19: A calibrated version of the ThAr longslit arc frame shown in figure 2.15
that has been rebinned on to a linear wavelength scale.
viiNote that regions appearing outside of the arc lines used in the fit may appear distorted, as the
dispersion relation is unconstrained in these areas.
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The data files were then scrunched with the appropriate .iar file. The wavelength
calibrated version of the raw Hα+[Nii] longslit spectrum of Abell 41, shown in figure
2.14, is shown in figure 2.20. Airglow lines produced in the atmosphere present in the
spectrum, such as the two bright OH lines at λ = 6554Å and 6577Å seen in figure
2.20, were then used to further check the accuracy of the wavelength calibration (as
they are of known wavelength).
The final wavelength calibrated data frames were then rescaled to a radial velocity
scale, for each emission line, by calculating the Doppler shift of that line. The shift in
wavelength, ∆λ, of a spectral line from its rest wavelength, λ0, is related to the radial
velocity, ∆v by
∆v =
∆λ
λ0
c (2.21)
where c is the velocity of light in a vacuum. Additionally, the radial velocity measured
must be corrected to barycentric velocity, to take account of the motion of the Earth
around the Solar System barycentre. For the purposes of simplicity, this barycentric
velocity correction is often approximated to be the Heliocentric velocity correction
(i.e. corrected to the motion of the Earth about the Sun rather than the barycentre), as
the difference between these two values is negligible compared to the accuracy of the
dispersion relation fit (.0.02 km s−1 c.f. ∼0.5 km s−1). This heliocentric velocity cor-
rection was determined using the starlink programme rv (Wallace & Clayton 1997),
which is an implementation of the algorithms described in Stumpff (1980).
Further complications of NTT data reduction
The longslit spectra presented in chapter 5, which were obtained using EMMI on the
ESO-NTT, required a more complex wavelength calibration procedure than the stan-
dard procedure described in section 2.4.2.
In the optical set-up of EMMI, the calibration lamps are held at an unusually large
distance from the detector, and light from the lamps is passed via optical fibres. As a
result, ThAr lamp exposures required integration times too long to be feasible between
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Figure 2.20: A wavelength calibrated Hα+[Nii] longslit spectrum of Abell 41 (chapter
3), corresponding to the raw frame shown in figure 2.14.
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Figure 2.21: A wavelength calibrated Neon longslit arc frame taken with EMMI. The
gap between the master and slave CCD chips is visible as a horizontal line across the
frame (at ∼390 increments along the slit).
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each observation, however a Neon arc lamp was able to produce a spectrum of three
bright arc lines during a short 200-s exposure (an example of which is shown in figure
2.21). To ensure an accurate calibration across the observed spectrum, a long 3600-s
ThAr spectrum was taken at the beginning and end of each night to obtain a greater
number of arc lines and a better fit to the dispersion (Mitchell 2007). These ThAr spec-
tra were used to produce .iar files using the process described in section 2.4.2. These
calibrations were then scrunched with all Neon arc frames and used to determine the
amount of drift (if any) that had occurred during the night (due to mechanical flex-
ures). If a drift between observations was found, then a linear wavelength correction
was applied to the corresponding data frame (after scrunching with the ThAr .iar file).
Again, airglow lines of known wavelength were used to check the validity of this shift.
All shifts were .0.15 Å (≡7 km s−1).
2.4.3 Spatio-kinematic modelling with shape
All spatio-kinematic modelling presented in this thesis was performed by the author
using shape (Steffen & Lopez 2006), a Java-based morpho-kinematic modelling and
reconstruction tool, with which one can create 3D model structures and directly com-
pare them with real data. The basic workflow when using shape is shown in figure
2.22. The modelling begins with all data reduced (both spatio-kinematic and imag-
ing), based on this data a rough “first-guess” of the physical structure is made. This
basic structure is then created in the form of a three-dimensional mesh using the inter-
active modelling environment within shape known as the “3D Module”. This mesh is
created within shape beginning with one of the “primitive” constructs (sphere, cylin-
der, torus, etc.), which are then transformed into the desired structure through the ap-
plication of a “modifier”. For example, an hourglass-like nebula may be created by
taking a cylinder primitive and applying a “squeeze” modifier, which alters the ra-
dius of the cylinder along its length (normally called the z-axis in cylindrical polar
co-ordinates) as defined by the user’s mathematical or graphical input - in this case
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a “squeeze” which is inversely proportional to distance from the nebular centre along
the z-axis. The dimensions and properties of the primitives themselves are defined by a
selection of user-input parameters, for example, a cylinder primitive used to create an
hourglass-like nebula is defined by an outer radius, an inner radius (should the particle
distribution be “volume” rather than “surface”, creating a thick shell), length and the
number of segments (which directly corresponds to the number of cells in the final par-
ticle distribution as well as the number of vertices to which any geometrical modifier
is applied). As with any other modelling of this type it is important to use as many
“segments” as possible, in order to minimise any unwanted effects caused by choice of
grid (e.g. geometric deviations from the desired shape or undesired distribution of par-
ticles). Additionally, to reproduce more complex structures, one can employ multiple
primitives to create a final geometry, for example a torus primitive may be added to the
cylinder primitive mentioned earlier, in order to recreate an hourglass-like nebula with
an equatorial ring.
Once a geometry has been produced, various physical parameters can then be as-
signed to the mesh of each primitive using further modifiers, such as velocity field,
emissivity field and the number of particles to make up the final model. A particle
distribution is used, rather than the mesh itself (although this is possible using shape),
as a random distribution of particles creates a less “smooth” appearance, much like
real PNe. In all models, the initial velocity field was taken as a Hubble-type flow, this
assumes radial expansion where all points of the nebular shell are kinematically coeval
(i.e. radial velocity is proportional to radial distance from the nebular centre). It was
also assumed that all components (i.e. primitives) would follow the same Hubble-type
flow with the same scale velocity (defined as the radial velocity per unit radial distance
from the nebular centre - defined in shape by a velocity per unit angular separation to
avoid distance dependance).
shape “renders” the model based on the specified geometry, velocity and emissivity
properties, with user-supplied observing parameters, such as seeing, spectral resolution
and pixel scales (both spatial and spectral), taken into account. It is the incorporation of
116 The Influence of bCS on the Morphologies of PNe
2.4: SPECTROSCOPIC DATA REDUCTION AND ANALYSIS
the seeing and spectral resolution which sets shape apart from previous similar codes
(e.g. novacart Gill & O’Brien 1999; and the code of Santander-Garcı´a et al. 2004),
as this can have considerable influence on the results (particularly when the seeing
becomes comparable to the size of the nebula or nebular structures). In the “Rendering
Module” the model outputs, including synthetic imagery, PV arrays and channel maps,
can be compared to the observed data and a by eye judgement made as to the quality
Figure 2.22: The spatio-kinematic modelling workflow in shape taken from Steffen
et al. (2010).
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of the fit. The model is then refined (or replaced by an entirely new interpretation)
through many iterations, often adding greater levels of complexity to the geometric
structure, until a satisfactory fit to all data is acquired. The resulting model is deemed
the best-fitting model.
As all parameters within shape are defined by the user, using a combination of
mathematical (analytic) and interactive inputs, it is possible to extract all parameters
from the resulting model. For the investigations presented in chapters 3, 4 and 5, the
most critical model parameter to be extracted is the inclination of the model’s symme-
try axis. Throughout the text the inclination of any symmetry axis is described as the
inclination to the line of sight, in keeping with the description of the inclination of the
binary systems. For example, a nebular symmetry axis perpendicular to the line of sight
is defined as having an inclination of 90◦, as is a binary orbital plane parallel to the line
of sight (i.e. eclipsing and perpendicular to the nebular symmetry axis). Measuring
the nebular inclination in this way allow us to test a key prediction of current theo-
ries, as the nebular symmetry axis is expected to lie perpendicular to the orbital plane
of the central binary which has influenced its shaping. Other interesting parameters
which are extracted in this thesis are the expansion velocity and angular sizes of any
prevalent structures (i.e. rings),which are linked by distance to the kinematical age and
physical size, respectively. The expansion velocities, vexpviii, of identifiable structures
are preferred to the expansion scale velocity (velocity per unit distance, as described
above) as they allow for easier comparison between similar nebulae, without requiring
knowledge of their distances. For waisted structures, the ratio of the maximum radius
of the protruding lobes, rmax, to the radius of the waist, rwaist, is also extracted (later
referred to as φ = rmax
rwaist
), as a measure of the collimation of the bipolar lobes. These
additional parameters, while not immediately comparable to a theoretical prediction,
may allow for the discovery of trends amongst PNe with bCSPN (for instance, a link
between the φ parameter and the orbital period of the binary), which can then be used
viiiIn this thesis, the expansion velocity, vexp, is always defined as the expansion velocity with respect
to the nebular centre, c.f. for example, Weinberger (1989) where it is defined as twice this velocity.
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to constrain future attempts at hydrodynamically modelling the formation process.
It is important to note that the idealised nature of the model nebula (c.f. the irregular
and non-uniform nature of any real nebula), means that the comparison between model
and data is the greatest source of error in the determination of any nebular parameters
(c.f. the velocity calibration of the data, for example), and as such all uncertainties
are determined by the range over which the model parameters could be varied and
still provide a reasonable match to the observations. For example, the uncertainty in
expansion velocity is determined by increasing and decreasing the Hubble flow scale
factor (velocity per unit distance from the nebular centre) until the output spectra no
longer provided a reasonable by eye fit to the observations.
2.5 Summary
In this chapter, I have presented the data reduction and analysis techniques employed
in chapters 3, 4, 5 and 6.
Using the techniques outlined in sections 2.2 and 2.4, spectroscopic calibrations
accurate to an absolute velocity of approximately 2 km s−1 have been obtained for
the data presented in chapters 3, 4 and 5. Similarly, using the techniques outlined
in sections 2.2 and 2.3 photometric errors of order 0.05 millimagntiudes have been
obtained for the data presented in chapter 6.
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The Moon ain’t romantic,
it’s intimidating as Hell
Thomas Alan Waits – 1976
3
Abell 41
The work presented in this chapter was published in Jones et al. (2010b) and Jones
et al. (2010c).
3.1 Introduction
Abell 41 (A 41) presents an ideal opportunity to investigate the effect of a binary central
star on PN nebular morphology, due to the well-studied and well-characterised nature
of its binary central star MT Ser. As described in chapter 1 and section 2.4, a key
prediction of the binary hypothesis is that a PN shaped by a binary central star will
exhibit bipolar morphology, the symmetry axis of which is aligned perpendicular to the
orbital plane of the binary. As the inclination of MT Ser has already been determined
by previous studies, A 41 is an ideal nebula with which to test this prediction and
as outlined in section 2.4 the nebular morphology and inclination is best determined
through the modelling of spatio-kinematic data.
Previous work on both A 41 and MT Ser are reviewed in section 3.2. The obser-
vations of A 41 are detailed in section 3.3. The analysis and subsequent modelling
of these observations are presented in section 3.4. The results are then discussed in
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section 3.5 and summarised in section 3.6.
3.2 Abell 41 and MT Ser
3.2.1 Discovery and nebular morphology
A 41 (PN G009.6+10.5, α = 17h29m02.03s, δ = −15◦13′04.4′′ J2000), discovered by
Abell & Goldreich (1966), was classified by Bond & Livio (1990) as elliptical under
the classification scheme of Balick (1987). However, deeper Hα+[Nii]6584 Å imagery
reveals “that the nebular morphology exhibits an ‘H’ shape with the addition of fainter
material forming a continuous loop” (Pollacco & Bell 1997, figure 3.1). From this
imagery alone, it is unclear whether the ring structure identified by Pollacco & Bell
(1997) is indeed a material ring encircling the nebular waist, or a projection effect
cause by the overlapping of two bipolar lobes in the line of sight.
Figure 3.1: A deep image of A 41 in the light of Hα+[Nii]6584 Å taken using EMMI
on the ESO-NTT (originally shown in Pollacco & Bell 1997).
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3.2.2 The central star system of Abell 41: MT Serpentis
Photometric analysis of the CSPN, MT Ser, revealed it to be a close binary, show-
ing minima at regular intervals of 2h43m (Grauer & Bond 1983). Bruch et al. (2001)
confirmed the binary nature of MT Ser but were unable to accurately determine its or-
bital parameters because they found two different models which fit the observed data.
(a) The binary consists of a hot sub-dwarf and a less evolved secondary, in which
case the period is 2h43m and the variations are due to a reflection effect (inclination,
i = 42.52◦ ± 1.73◦). (b) The binary consists of two evolved, hot sub-dwarfs with a
period of 5h26m where the variability results from partial eclipses and ellipsoidal vari-
ations (i = 65.7◦ ± 0.9◦). They determined the optimum parameters for each model,
but concluded that only radial velocity observations would be able to distinguish be-
tween the two. Subsequent observation and modelling by Shimanskii et al. (2008)
confirmed the presence of two sub-dwarf components, but gave no independent con-
firmation of the orbital inclination. Ogloza (2002) presented photometric and radial
velocity observations along with modelling of MT Ser, independently determining an
orbital inclination of 72◦ ± 15◦, which is consistent with the second model of Bruch
et al. (2001, i = 65.7◦±0.9◦). However, the values determined for the rest of the system
parameters differ vastly, indicating that any agreement should be treated with caution.
Additionally, the stellar temperatures derived by Ogloza (2002) are inconsistent with
the observational detection of two hot sub-dwarf binary components (Shimanskii et al.
2008). Of the two models of Bruch et al. (2001) and the model of Ogloza (2002), only
the second model of Bruch et al. (2001, i = 65.7◦±0.9◦) is consistent with photometric
observations and the detection of two hot sub-dwarf central stars, indicating that this is
the most reliable modelling of the binary CSPN system. This accurate determination
of the inclination of the binary orbital plane (i = 65.7◦ ± 0.9◦) makes A 41 an impor-
tant test-case for the binary hypothesis, as the nebular symmetry axis is expected to lie
perpendicular to this plane in a system where the binary has influenced the shaping of
the host PN.
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3.3 Observations and data reduction
Figure 3.2: A deep ACAM-WHT image of A 41 in the light of [Nii]6584 Å showing
the positions of the 5 MES-SPM longslits. The full 5’ slit length is not shown, only the
extent covered by the PV arrays in figure 3.3.
Table 3.1: A log of the spectroscopic and imaging observations of A 41.
Spectroscopic
Date Instrument Filter Exp. Seeing Air- PA Notes
(λcentre/∆λ) time mass
2004 Jun 11 MES-SPM 6564/90Å 1800s 1.6” 1.5 0◦ Slit 1
2004 Jun 11 MES-SPM 6564/90Å 1800s 1.5” 1.4 0◦ Slit 2
2007 Jul 17 MES-SPM 6564/90Å 1800s 1.8” 1.9 151.8◦ Slit 3
2007 Jul 17 MES-SPM 6564/90Å 1800s 1.8” 1.7 151.8◦ Slit 4
2007 Jul 18 MES-SPM 6564/90Å 1800s 1.8” 1.5 61.8◦ Slit 5
Imaging
Date Instrument Filter Exp. Seeing Air- Notes
(λcentre/∆λ) time mass
2009 Aug 4 WHT-ACAM 6584/21Å 3×900s 0.8” 1.4
2009 Aug 4 WHT-ACAM 5009/15Å 3×900s 0.9” 1.5
2009 Aug 29 WHT-ACAM 6727/48Å 3×900s 0.9” 1.5 15◦ from Moon
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Spatially resolved, longslit emission line spectra of A 41 were obtained by M.
Lloyd using the second Manchester Echelle Spectrometer combined with the 2.1-m
San Pedro Ma´rtir Telescope (MES-SPM, Meaburn et al. 2003). MES-SPM was used
in its primary spectral mode with a narrow-band 90 Å filter to isolate the Hα and [Nii]
6548 & 6584 Å emission lines of the 87th echelle order. Observations took place on
two separate runs in 2004 June and 2007 July, both with the same instrument and set-
up, using a SITe3 CCD with 1024 × 1024 24 µm square pixels (≡ 0.31” pixel−1). All
integrations were of 1800 seconds. Binning of 2 × 2 was adopted for all the spectral
observations, resulting in 512 pixels in the spatial direction (≡ 0.62” pixel−1) and 512
pixels in the spectral direction (≡ 4.79 km s−1 pixel−1). The slit used was 30-mm long
(≡ 5′) and 150 µm wide (≡ 2.0” and 11 km s−1). All spectra were reduced using
standard starlink routines as described in chapter 2.
In total, five integrations were obtained by M. Lloyd, two with slits running North-
South, one with a position angle (PA) of 61.8◦ and a further two with PA equal to
151.8◦. The slit positions are shown in figure 3.2, and the spectra are shown in figure
3.3i.
Narrowband images of A 41 were acquired by the author using ACAM com-
bined with the 4.2-m William Herschel Telescope on 2009 August 4 ([Nii]6584 Å
and [Oiii]5007 Å) and 2009 August 29 ([Sii]6717+6731 Å, acquired by M. Santander-
Garcı´a at the request of the author). The seeing for both sets of ACAM observations
did not exceed 0.9”. ACAM was employed in standard imaging mode without binning
resulting in a pixel scale of 0.25” pixel−1, and using the [NII]6584/21, Taurus 5009/15
and [SII]6727/48 filters (ING filters #85, #108 and #86). Three 15 minute exposures
were taken in each filter. All the imaging data were bias-corrected, flat-fielded and
cleaned of cosmic rays using starlink software (as described in chapter 2). No off-
band imaging was acquired, so no attempt was made to continuum subtract the image.
iAt the time the first two slits were acquired (slits 1 & 2), MES-SPM was restricted to a North-
South or East-West slit, accounting for the unusual choice of slit PA with respect to the apparent nebular
structure. Furthermore, a slit positioned at a PA of 151.8◦ crossing the central star was attempted on
2007 July 17, but was not possible due to telescope pointing issues.
David Jones 125
3: ABELL 41
starlink software was also used to remove the background lunar contamination from
the [Sii]6717+6731 Å images, arising due to the extremely close proximity of A 41
to the Moon. This lunar subtraction was performed by creating a mask, covering the
nebula and twenty of the brightest field stars, and then fitting a spline curve to the back-
ground. However, the CCD was allowed to saturate in the regions nearest the Moon,
and leave the regime of linear response across almost the entire field, this meant that
the background fit was far from ideal and its subtraction introduced significant noise.
The final reduced and co-added images for each filter are shown in figure 3.4.
A summary of all observations obtained is shown in table 3.1.
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(a)
(b)
Figure 3.3: Observed Hα (with white contours marking the 95th, 97th and 99th per-
centiles) and [Nii]6584 Å PV arrays of A 41, (a) Slit 1, (b) Slit 2, (c) Slit 3, (d) Slit 4
and (e) Slit 5. The slit positions are as shown in figure 3.2, and the velocity axis on all
plots is heliocentric velocity, vhel.
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(c)
(d)
Figure 3.3: continued.
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(e)
Figure 3.3: continued.
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(a)
(b)
Figure 3.4: Deep ACAM-WHT images of A 41 in the light of (a) [Nii]6584 Å, (b)
[Sii]6717+6731 Å, (c) [Oiii]5007 Å and (d) [Nii]6584 Å divided by [Oiii]5007 Å,
where black indicates a large ratio. Display scales have been chosen so as to high-
light structural features referred to in the text. Contours are displayed for the 95th, 97th
and 99th percentiles of the nebula emission are overlaid to reveal the structure outside
of the chosen display scales.
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(c)
(d)
Figure 3.4: continued.
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3.4 Analysis
3.4.1 Inspection of the data
Figure 3.4 shows A 41 in the light of [Nii]6584 Å (a), [Sii]6717+6731 Å (b) and
[Oiii]5007 Å (c). In all three emission lines the nebula displays roughly the structure
remarked upon by Pollacco & Bell (1997), an ellipse where the western and eastern
edges (parallel to the major axis of the apparent ellipse) appear much brighter than
the rest of the nebula. The northern side of the nebula also appears brighter than the
southern side at all three wavelengths. There are, however, differences between its
appearance in the three emission lines; for example the ring-like feature at the centre
of the nebula (the horizontal in the H analogy from Pollacco & Bell 1997), is much
more well defined in [Nii]6584 Å and [Sii]6717+6731 Å than in [Oiii]5007 Å. From the
imaging alone it is unclear whether this ring is actually a material ring or a projection
effect, resulting from the two lobes overlapping in the line-of-sight. It is also unclear
whether the lobes themselves are open-ended or closed, as although their edges appear
brighter (indicative of a closed shell, due to more nebular material in the line-of-sight),
this effect is also seen in open-ended nebulae (such as MyCn 18: figure 1.1 & Sahai
et al. 1999b).
The nebula appears brighter centrally in the light of [Oiii]5007 Å compared to
[Nii]6584 Å and [Sii]6717+6731 Å as shown by the ratio image in figure 3.4(d). Upon
further inspection, this central bright region in [Oiii]5007 Å appears to be an internal
bipolar structure, although it is not clear whether this is just a line-of-sight brightness
effect or, in fact, a separate internal nebular shell such as those seen in other nebulae
(e.g., NGC 7009: figure 1.8 & Sabbadin et al. 2004 and Hen 2-104: figure 3.5 &
Santander-Garcı´a et al. 2008). It is of note that this feature can also be found in the
Hα+[Nii] image shown in Miszalski et al. (2009b, reproduced from Pollacco & Bell
1997, see figure 3.1).
Despite the shorter total exposure times and smaller telescope employed, the neb-
ular PV profiles probe the same overall nebular structure, showing the same angular
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Figure 3.5: An HST F658N image of the nebula Hen 2-104, reproduced from
Santander-Garcı´a et al. (2008), showing the double-shell structure of the nebula. The
cut-out shows a zoom of the central portion of the nebula, from the same image.
extents and brightness variations along the length of the slit. The spectroscopy is, how-
ever, less sensitive to small scale variations across the nebula as a result of the slitwidth
employed and the poorer seeing of these observations compared to the imaging. Just
as seen in the imagery, the PV arrays appear different in the light of [Nii]6584 Å com-
pared to Hα (see figure 3.3), however at first glance it is not clear whether this is solely
due to the difference in linewidths between the two species.
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3.4.2 Thermal broadening
In order to ascertain whether the difference between the [Nii]6584 Å PV arrays and
the Hα PV arrays was attributable solely to difference in linewidths between the two
species, the [Nii]6584 Å profiles had to be convolved to the same width as their Hα
counterparts. The observed linewidth, ∆λ is given by
(∆λ)2 = (∆λthermal)2 + (∆λturbulence)2 + (∆λinstrumental)2 +
(
∆λsplitting
)2 (3.1)
where ∆λturbulence is the line broadening due to turbulence in the shell (assumed to be
roughly equal for both species) and ∆λinstrumental is the line broadening due to instru-
mental effects (assumed to be equal for lines of such similar wavelength). ∆λsplitting
is a term equal to zero for [Nii]6584 Å but for Hα is equal to 0.14Å≡6.4 km s−1 -
this is a gaussian approximation for the seven or so components that make up that line
(Meaburn et al. 2005a). ∆λthermal is the thermal broadening of the line given by
∆λthermal = λ0
√
8kTe ln 2
Mc2
(3.2)
where λ0 is the rest wavelength of the line, k is Boltzmann’s constant, M is the atomic
mass of the emitting species and c is the velocity of light. Te is the electron temperature
of the emitting gas, generally taken to be 10000 K for PNe. This assumption is valid
based on the work of Kaler (1986), which demonstrated that for low-excitation nebulae
(i.e., I(Heii) = 0, which is true of A 41), Te([Oiii]5007 Å) averages near this canonical
value of 10000 K and Te([Nii]6584 Å) is approximately equal to Te([Oiii]5007 Å).
Due to the dependance of ∆λthermal on the rest wavelength of the emitting line, it is
perhaps easier to consider the linewidths in terms of velocity, which is independent
of rest wavelength. The thermal broadening in terms of velocity width, ∆vthermal, then
becomes
∆vthermal =
√
8kTe ln 2
M
∝
√
Te
M
(3.3)
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and so
∆vthermal([Nii]) =
√
1
14
∆vthermal(Hα) (3.4)
This means that the additional convolution,∆vconvolution , required to convolve [Nii]6584 Å
profiles to the same width as Hα can be written as
∆v2convolution = ∆v
2
thermal(Hα) − ∆v2thermal([Nii]) + ∆v2splitting (3.5)
or
∆v2convolution = (1 −
1
14
)∆v2thermal(Hα) + ∆v2splitting (3.6)
and by substituting the value for∆vthermal from equation 3.3 into equation 3.6,∆vconvolution
can be written in terms of Te:
∆v2convolution =
13
14
8kTe ln 2
MH
+ ∆v2splitting (3.7)
where MH is the atomic mass of Hydrogen, equivalent to the mass of one proton. For
a Te of 10000K, ∆vconvolution is 25.6 km s−1. The [Nii]6584 Å PV array of Slit 3, which
runs almost parallel to the nebular symmetry axis, is shown convolved to the same
width as its Hα counterpart in figure 3.6
3.4.3 Ionisation stratification
Even once the difference in linewidth between [Nii]6584 Å and Hα has been ac-
counted for, the nebular PV profiles are still different (see figure 3.6), indicating that
the [Nii]6584 Å and Hα emission traces a different distribution. Furthermore, by col-
lapsing a slit along the velocity axis one can trace the intensity profile of the Hα and
[Nii]6584 Å emission along the slit. The normalised intensity profile of Slit 5 is shown
in figure 3.7, as this slit runs almost perpendicular to the nebular symmetry axis it may
be used to gauge the difference in structure between ionisation species - particularly
their radial distributions. In figure 3.7 the spatial axis zeroes of both plots have been set
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to coincide with the first peak of emission, or where the slit first crosses the shell, this
point is not necessarily the same for the two species. In order to place both plots on the
same precise spatial scale one has to be confident of the exact set-up of the instrument
particularly the ‘rotation’ of the CCD with respect to the grating. This is easily deter-
mined for spectra crossing a star, as it is then possible to measure the deviation of the
stellar continuum from parallel to the CCD’s x-axis, thus measuring the spatial shift
across the CCD. MES-SPM is generally installed to a high standard meaning that this
spatial shift across the CCD can be considered as .3 unbinned pixels or .0.9”. How-
ever, as the spectrum of Slit 5 has no stellar continuum, I have concluded it is more
appropriate to measure the separation between emission peaks (i.e., the angular width
along that slit) than to an absolute measure of positions in both Hα and [Nii]6584 Å.
The peak to peak separation for [Nii]6584 Å is found to be ∼18 (binned) pixels or
∼11.2”, whereas the Hα separation is found to be ∼15 (binned) pixels or ∼9.3”, which
clearly indicates that the [Nii]6584 Å emission originates from a region further out
than the Hα. Similarly, just by comparing the profile along the slit it is clear that
[Nii]6584 Å is more confined to the shell itself (with the peaks being more than twice
as bright as the central region), while Hα is more evenly distributed (being almost as
bright in the central region as in the peaks). This ionisation stratification is even clearer
in the comparison of [Oiii]5007 Å to [Nii]6584 Å, performed by taking a ratio image
[shown in 3.4(d)], where it can clearly be seen that the ratio of [Oiii]5007 Å emission
to [Nii]6584 Å emission is much greater (white on the scale in 3.4d) in the centre of
the nebula than for the outer parts of the nebular shell (which appear black). Ionisa-
tion stratification is a common feature among planetary nebulae (see e.g., Gurzadyan
1997).
3.4.4 Brightness asymmetry
The nebular PV arrays show the same brightness variations across the nebula found in
the imaging. Slit 1 (figure 3.3(a)), for example, shows a bright partial velocity ellipse
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(a) (b)
Figure 3.6: PV arrays of Slit 3 (as shown in figure 3.2) in the light of (a) Hα with white
contours marking the 95th, 97th and 99th percentiles and (b) [Nii]6584 Å convolved to
the same width as that of Hα (assuming Te = 104 K, the original [Nii]6584 Å PV array
is shown in figure 3.3(c)).
from the northern part of the nebula but much fainter emission from the southern part.
Slit 3 (figure 3.3(c)), which lies approximately parallel to the major axis of the nebula,
shows that the northern end of the nebula is red-shifted with respect to the southern
indicating that the nebular inclination is such that the northern side of the nebula is
pointed away from the observer and the southern towards. The Slit 3 PV array also
shows two separate emission regions from the near and far sides of the nebular shell
(i.e., no closed velocity ellipse), suggesting that the nebula is open at both ends of this
symmetry axis. This is supported by the emission profile from the slit perpendicular
to Slit 3, Slit 5 (figure 3.3(e)), which shows a partial velocity ellipse. The ellipse
is not closed as a result of both the open-ended and inclined nature of the nebular
shell, meaning that the slit cuts across a region where only the blue-shifted side of the
nebula is present. However, projection effects, surface brightness and shell thickness
variations could produce an apparently open velocity ellipse from a closed shell, due
to the sensitivity limits of the observations.
The intrinsic nebular structure and variation in brightness across the nebula are
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(a)
(b)
Figure 3.7: Normalised emission profiles of Slit 5 (as shown in figure 3.2) in the light
of (a) Hα and (b) [Nii]6584 Å. The cross-sectional zeroes of both plots have been set
to the first emission peak, to highlight that the separation between the first and second
peak is larger for [Nii]6584 Å than Hα, confirming that the [Nii]6584 Å emission traces
the outside of the nebular shell whereas the Hα emission is more evenly distributed
throughout.
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discussed further in sections 3.4.5 and 3.5.1.
3.4.5 Spatio-kinematical modelling of Abell 41
A spatio-kinematical model, corresponding to the simplest three-dimensional structure
consistent with the large-scale nebular [Nii]6584 Å emission features, has been derived
for A 41. [Nii]6584 Å emission was selected rather than Hα emission due to its lower
thermal broadening and its shell-like distribution (as discussed in section 3.4.1). The
modelling was performed in order to confirm the bipolar nature of the nebular shell
and to constrain the inclination angle of this shell, for comparison with the inclination
of the central binary (MT Ser). The model was developed using shape (Steffen &
Lopez 2006) and by assuming a Hubble-type flow, where expansion velocity is radial
and proportional to the distance from the centre of the nebula. The model parameters
(dimensions, shape, expansion scale velocity and inclination) were manually varied by
trial and error over a wide range of values and the results compared by eye to both
spectral observations and imaging, until a best-fit was found (as described in section
2.4.3).
Table 3.2: A table of the key parameters of the best fitting model for A 41 (parameters
are as defined in 2.4.3).
Emission-line modelled [Nii]6584 Å
Inclination, i 66◦ ± 5◦
Heliocentric systemic velocity, vsys 30±5 km s−1
φ ratio ∼1.17
Ring radius 6” ± 0.5”
Ring expansion velocity, vexp 40 ± 5 km s−1
Ratio of lobe lengths ∼1.18
Shear 7◦ ± 3◦
The best fitting model comprises a bipolar shell waisted by an equatorial ring with
an expansion velocity of ∼40 km s−1, other key model parameters are listed in table 3.2.
The model nebula is slightly asymmetric in that the northern lobe is shortened by 15%
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and has a slight shear with respect to its southern counterpart. No symmetric model
could be found to reproduce the observed PV arrays. The nebular inclination angle,
as defined by the un-sheared southern lobe, is determined to be 66◦ ± 5◦ (in excellent
agreement with the value determined by Pollacco & Bell, 1997, by deprojecting the
nebular ring). The model nebula is shown at the observed orientation in figure 3.8(a)
and at an inclination of 90◦, to highlight the asymmetry, in figure 3.8(b). The synthetic
PV arrays are shown next to their observed counterparts in figure 3.9.
It is not unheard of for bipolar nebulae to show asymmetry between the opposing
lobes, both in the extension of the lobes (e.g., NGC 6881: Ramos-Larios et al. 2008)
and their opening angles (e.g., OH231.8+4.2: Sa´nchez Contreras et al. 2004). In com-
parison to these examples, the level of asymmetry shown by A 41 is very low. One
possible explanation for the asymmetry is discussed in section 3.5.1.
Also of note, the equatorial expansion velocity, of ∼40 km s−1, is unusually large
for a PN, where typical average expansion velocities are of order ∼20 km s−1 (Wein-
berger 1989)ii. There are, however, still a few nebulae which exhibit similarly large
equatorial expansion velocities (e.g. NGC 6778 with vexp = 25 − 40 km s−1 in the
equatorial region; Maestro et al. 2004). Bipolar PNe, such as A 41, do typically ex-
hibit greater expansion velocities than elliptical or spherical PNe (Corradi & Schwarz
1995), however without the aid of kinematical modelling and deprojection it is unclear
whether this also corresponds to larger than average equatorial expansion velocities.
3.4.6 Nebular size, kinematical age and recession velocity
Comparison of synthetic model spectra to their observed counterparts provides an un-
ambiguous measure of the nebular systemic heliocentric radial velocity (vsys), unaf-
fected, for example, by brightness variations or nebular asymmetry (for more details
see section 5.4.4 or Jones et al. 2010a). Using the best-fit model described in section
3.4.5, vsys is determined to be 30 ± 5 km s−1 in good agreement with the value of 30
iiNote that this is the average expansion velocity, not the average equatorial expansion velocity which
for a bipolar nebula is expected to be the minimum expansion velocity for any part of the nebular shell.
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(a)
(b)
Figure 3.8: The synthetic shape model of A 41 (a) displayed at the same scale and
orientation as the deep WHT-ACAM image in the light of [Nii]6584 Å (shown along
with other emission line images in figure 3.4) and (b) at an inclination of 90◦.
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km s−1 determined by Beaulieu et al. (1999).
The nebular expansion velocity, determined by the kinematical modelling, can be
combined with the determined angular size to calculate a kinematical age for the neb-
ula. This, however, requires the distance to the nebula to be known. The distance
to A 41 is a matter of some debate with values in the literature ranging from ∼1 kpc
(Grauer & Bond 1983) up to 9.0 ± 0.4 kpc (Shimanskii et al. 2008). The distance
of ∼1 kpc of Grauer & Bond (1983) can probably be ruled out as it was based on an
incorrect determination of the binary components (similar to the first model of Bruch
et al. 2001, described as model (a) in section 3.2.2). The 9 kpc value determined by
Shimanskii et al. (2008), however, is determined assuming binary parameters consis-
tent with those determined by the second model of Bruch et al. (2001, the model (b)
in section 3.2.2 and the favoured model for reasons already outlined), but is heavily
dependant on an accurate determination of the extinction. They adopt an extinction
determined by measurements of the nebular reddening, which will only hold true if
the internal extinction is negligible. Some PNe have previously been shown to have
significant internal extinction, which can vary by a few magnitudes across the nebula
with the most significant extinction occurring towards the nebular centre (Monteiro
et al. 2004), thus having the greatest effect on this distance estimation. A possibly
more accurate determination of the distance to the nebula, and therefore to the central
star, comes in the form of the empirical surface brightness - distance relationship deter-
mined by Frew (2008), which determines the distance to A 41 to be ∼2.2 kpc iii. This
method of determining of the distance is still dependant on the extinction but may be
less susceptible to the variation in extinction across the nebula, due the use of ‘mean’
extinction values, and that some average level of internal extinction may be factored
into the determination of the empirical relationship. Due to the uncertainty involved,
I quote the kinematical age per kiloparsec of ∼800 years kpc−1 (corresponding to a
diameter of ∼0.03pc kpc−1), rather than favour one distance value over another.
iiiNo error is quoted on this value, however an error of roughly 25% is expected from similar statistical
methodologies (van de Steene & Zijlstra 1995).
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3.5 Discussion
3.5.1 Evidence for interaction with the Interstellar Medium
The asymmetries in both brightness and shape (discussed in sections 3.4.1 and 3.4.5)
could be thought of as strong evidence for interaction with the interstellar medium
(ISM). Consider, if the nebula were moving through the ISM with the northern lobe at
the leading edge, it would be reasonable to expect to see this lobe brightened (through
shock excitation and/or density enhancement) and less extended (due to the greater
drag) with respect to its relatively unimpeded southern counterpart. This brightening
and lesser extension is precisely what is borne out by the data and subsequent mod-
elling. Similarly, if the motion of the nebula, with respect to the ISM, were not along
the symmetry axis but slightly offset, then this would also offer an explanation for the
“shear” seen in the northern lobe (i.e. the shear is as a result of the eastern side of the
lobe being impeded by the ISM more than the western side), and indeed the brightness
contrast across that lobe (eastern edge brightened with respect to the western edge).
We do not see any evidence of a bow-shock in any of our observations, although
a bow-shock arising from a PN-ISM interaction might be expected to be particularly
prevalent in the [Oiii]5007 Å image (Wareing et al. 2007). However, the relatively low
levels of asymmetry in the nebula indicate that any interaction is fairly weak, implying
a slow relative velocity consistent with no bow shock.
The ratio of [Sii]6717+6731 Å to [Nii]6584 Å provides a good tracer for shock
excitation which might be expected to arise from interaction with the ISM (Phillips
& Cuesta 1998). However, the close proximity of the Moon to A 41 during the
[Sii]6717+6731 Å imaging detailed in section 3.3, meant that the background sub-
traction was particularly unreliable, especially as some regions of the CCD were com-
pletely saturated and almost all of the CCD had left the linearity regime (the region of
counts below which a CCD’s response can be approximated as linear). Therefore, I am
unable to accurately assess the [Sii]6717+6731 Å to [Nii]6584 Å ratio of this nebula.
Perhaps the most convincing evidence that A 41 is not experiencing an interaction
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with the ISM is the location of its central star, which one would expect to be offset
towards the leading edge of the nebula by any interaction between nebula and ISM (in
the case of A 41 offset roughly towards the North of the nebula). In fact, the CSPN of
A 41is offset approximately 2” East and 1” South from the centre of the ring, in direct
contradiction with expectation. It has been suggested that the influence of a bCSPN
can also account for high-levels of deviation from perfect axisymmetry and indeed off-
centre central stars (Soker & Hadar 2002), but this effect is expected to be strongest in
much wider binaries than MT Ser.
Given the proper motion and vsys of MT Ser it would be possible to determine the
motion of the CSPN, and therefore the nebula itself (were there no influence from the
surrounding ISM), relative to the local ISM (assumed to be due to Galactic rotation, as
in Meaburn et al. 2009). The direction of this motion could then be used to assess the
validity of this hypothesis. Unfortunately, I am unable to perform this analysis as no
proper motion measurements exist for MT Ser. Further assessment of the hypothesis
could be performed by examining the region surrounding A 41 for signs of dense ISM
or a gradient in the ISM density peaking in the direction A 41 is predicted to be moving.
The presence of dense ISM could be inferred from infrared dust emission using, for
example, IRAS maps (Miville-Descheˆnes & Lagache 2005) or from neutral hydrogen
HI 21-cm observations (Arnal 2001).
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(a)
(b)
Figure 3.9: Observed (left) and synthetic (right) PV arrays from the model of A 41, (a)
Slit 1, (b) Slit 2, (c) Slit 3, (d) Slit 4 and (e) Slit 5. The slit positions are as shown in
figure 3.2, and the velocity axis on all plots is heliocentric velocity, vhel.
David Jones 145
3: ABELL 41
(c)
(d)
Figure 3.9: continued.
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(e)
Figure 3.9: continued.
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3.5.2 Abell 41 as a test-case of nebular shaping by a binary central
star
The link between nebular symmetry axis and binary orbital plane is theoretically well
established, with the two being perpendicular for all binary-induced PN shaping sce-
narios (Nordhaus & Blackman 2006). However, due to the paucity of bCSPN (even
more so, those with well constrained orbital inclinations), there is very little observa-
tional evidence for this hypothesis. As a result, the well constrained nature of MT Ser
(i = 65.7◦ ± 0.9◦), the bCSPN of A 41, offers a valuable opportunity to test this hy-
pothesis. The kinematical model presented in section 3.4.5 has a nebular inclination of
i = 66◦ ± 5◦. The nebular symmetry axis lies perpendicular to the binary orbital plane,
well within the uncertainties of both values, providing strong evidence that MT Ser
has played an important role in the shaping of A 41. At the time of publication (Jones
et al. 2010b), only one PN had previously had this link, between nebular and binary
inclinations, observationally constrained (A 63: Mitchell et al. 2007); since then four
further nebulae have followed (NGC 6337: Garcı´a-Dı´az et al. 2009 & Hillwig et al.
2010; A 65: Huckvale et al. 2010; Sp 1: Mitchell 2007 & Hillwig et al. in prep.; and
HaTr 4: Tyndall et al. 2010). Further discussion of all of these PNe is reserved for
chapter 7.
The kinematical modelling of A 41 shows the presence of an equatorial ring, a
structure identified by Miszalski et al. (2009b) as being common amongst PNe with
bCSPNe in their morphological imaging survey (appearing in nine of their sample of
thirty-three). This association is further stressed by the spectroscopic work of Lo´pez
et al. (2010), identifying probable equatorial density enhancements in many more PNe
with bCSPNe. The formation mechanism for an equatorial ring by the binary core
is uncertain, though it is not unreasonable to surmise that they could be the remnant
of a CE which was preferentially ejected in the orbital plane. This association be-
tween equatorial rings and CSPN binarity was identified by Miszalski et al. (2009b)
as a possible preselection criteria for the detection of further bCSPNe, an hypothesis
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investigated further in chapter 6.
The equatorial ring of A 41 is found, by kinematical modelling, to have an un-
usually high expansion velocity, particularly for an equatorial region. While bipolar
planetary nebulae are generally found to exhibit higher expansion velocities than their
spherical counterparts (Corradi & Schwarz 1995), the equatorial expansion velocity of
A 41 is still unusually high even within this subset of all PNe. A good example of a PNe
which exhibits a similarly high expansion velocity is NGC 6778 (Maestro et al. 2004),
which is also found to contain a binary central star (see chapter 6), possibly indicating
that high expansion velocities may be associated with bCSPNe. However, equatorial
expansion velocities can only be accurately determined by kinematical modelling (due
to the degeneracy between shape, inclination and line-of-sight expansion velocity) and
very few of the PNe known to contain bCSPN have, thus far, been modelled (seven
in total), making it very difficult to make a strong connection between high equatorial
expansion velocities and central star binarity.
Deep imagery of A 41 reveals the presence of an apparently internal structure con-
sistent with the influence of precession associated with a bCSPN (Manchado et al.
1996; Mampaso et al. 2006). Thus far, only two other PNe with bCSPN have been
found to display a similar quadrupolar structure (M 2-19 & H 2-29, Miszalski et al.
2009b), meaning that observational evidence linking quadrupolarity with bCSPN is
still lacking.
The bCSPN of A 41, MT Ser, is found to be off-set from the geometric centre of
the nebula. It has been frequently suggested that the central stars may be off-set from
the centre of their host PN through the action of a binary star (e.g. Soker et al. 1998),
however to have this effect the binary is expected to be much wider than MT Ser (i.e.
Period∼15–500 years c.f. ∼5.5 hours for MT Ser), leaving the cause of this off-set still
unexplained.
MT Ser is a double degenerate system consisting of two hot subdwarfs. Only
four other PNe are known to contain double degenerate systems: PN G135.9+55.9
(Tovmassian et al. 2010), NGC 6026 (Hillwig et al. 2010), Hen 2-428 (this work and
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Santander-Garcı´a et al. 2010b) and V458 Vul (Rodrı´guez-Gil et al. 2010). Therefore,
the bCSPN of A 41 is an unusual system, even amongst the relatively small number of
bCSPN known. This may throw into question the role of A 41 as a test-case for binary
shaping as the formation of a double degenerate nucleus may not follow the same pro-
gression as for a ‘normal’ post-CE nucleus. Evolution to a double degenerate nucleus
may involve undergoing two separate common envelope phases, as is hypothesised for
PN G135.9+55.9 (Tovmassian et al. 2010), or some, as yet, unknown process during
the CE phase which can strip the envelope from both primary and secondary, both
of which could have an (atypical for bCSPN) effect on the final nebular morphology.
However, as understanding of the CE phase advances, the morphology of A 41, deter-
mined here, may be used to help constrain the physics involved in forming a double
degenerate bCSPN and even help to constrain the mechanism by which SNe type Ia
form (Hillwig 2010).
3.6 Summary
Using high-resolution long-slit spectroscopy and deep imaging, a spatio-kinematical
model of A 41 has been developed, which clearly shows that the nebula (i = 66◦ ± 5◦)
is aligned with the orbital plane of MT Ser (i = 65.7◦ ± 0.9◦) exactly as predicted by
current theories of PN shaping by bCSPN. This was only the second nebula to have
this link observationally constrained (after A 63, Mitchell et al. 2007). The kinematical
data confirm A 41 exhibits a waisted, bipolar structure, with some small deviations
from perfect axisymmetry. The presence of an equatorial ring, with expansion velocity
vexp ∼40 km s−1, is also confirmed, adding further weight to the link between ring
structures and bCSPN as commented on by Miszalski et al. (2009b).
The data indicate that A 41 may be experiencing an interaction with the ISM and
this too may be affecting its shape and brightness. It is not possible to confirm this
hypothesis with currently available data, additionally the off-centre positioning of the
CSPN, MT Ser, may indicate that the deviation from perfect axisymmetry in A 41 may
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be caused by MT Ser itself.
Deep imagery in Hα+[Nii] and, more prominently, in [Oiii]5007 Å reveal the pres-
ence of an apparently internal bipolar structure in A 41. Current observations are
unable to constrain the nature of this feature (i.e., a physical structure or some sort of
projection effect). Similar features are visible in other PNe with known and suspected
binary centres (e.g., M2-19: Miszalski et al. 2009b), indicating possible precession
associated with the binary nucleus (Manchado et al. 1996; Mampaso et al. 2006).
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I get up in the evening
and I ain’t got nothin’ to say.
I come home in the morning,
I go to bed feeling the same way
Bruce Springsteen – 1984 4
ETHOS 1
The work presented in this chapter was published as part of a collaboration in Miszal-
ski et al. (2011b).
4.1 Introduction
Around 20% of the sample of PNe with bCSPN examined by Miszalski et al. (2009b)
were found to display jet-like low ionisation structures. A connection between these
jet-like polar outflows and central star binarity has long been suspected (Soker & Livio
1994), but never proven in part due to the paucity of bCSPN known (see section 1.5).
Following the recent rapid increase in bCSPN, it is now possible to investigate this
association between binarity and jets in more detail. ETHOS 1 offers an ideal object
with which to begin such an investigation, displaying jet-like outflows (see figure 4.1)
whilst also being known to contain a bCSPN (chapter 6; Miszalski et al. 2011b).
In this chapter, I present spatio-kinematic observations of ETHOS 1 and subse-
quent modelling performed in order to determine the physical structure and associated
velocity field of ETHOS 1. These results are then used to examine the relationship
between ETHOS 1 and its bCSPN, as well as the relationship between the PN and
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the jet-like polar outflows. The discovery of ETHOS 1 and its bCSPN, as well as an
assessment of the apparent structure of the PN (based on pre-existing imaging), are
detailed in section 4.2. The spatio-kinematic observations and their preliminary inter-
pretation are discussed in section 4.3; the subsequent modelling of these observations
is detailed in section 4.4. The results are then discussed in section 4.5 and summarised
in section 4.6.
4.2 ETHOS 1 and its bCSPN
Figure 4.1: A montage of ETHOS 1 images reproduced from Miszalski et al. (2010b).
(a) R:G:B Hα+[Nii]:[Oiii]:[Oii], (b) Hα+[Nii], (c) [Oiii], (d) [Oii], (e) Hα+[Nii] (just
as in (b) but displayed at a different contrast to highlight the structure of the central
region), (f) [Oiii] (as in (c) but displayed at a different contrast).
ETHOS 1 (α = 19h16m31.5s, δ = +36◦09′48”, J2000) was discovered as part of the
Extremely Turquoise Halo Object Survey (Miszalski et al. 2011b), a survey designed
to find high latitude PNe (i.e., in regions that have not been covered by the extensive
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Galactic plane searches like IPHAS and MASH-I and -II; Drew et al. 2005; Parker
et al. 2006; Miszalski et al. 2008b).
ETHOS 1 is one of few PNe which are known to have both a bCSPN and jet-like
outflows (particularly spectacular in ETHOS 1, see figure 4.1i). The nebula displays
roughly the same structure in both Hα+[Nii] (figure 4.1(b) and (e)) and [Oiii] (fig-
ure 4.1(c) and (f)), comprising a circular/spherical central region 21” in diameter, an
hourglass-like internal structure and an extended bipolar outflow measuring 60” tip-
to-tip. There is also a suggestion that the internal bipolar structure extends beyond the
spherical inner region from the protrusion to the Northwest clearest in [Oiii]5007 Å
(figure 4.1(c)). The most obvious difference between the appearance of ETHOS 1 in
the light of Hα+[Nii] and [Oiii] is in the region closest to the central star. The Hα+[Nii]
image, shown in figure 4.1(e), shows clear nebular emission close to the central star,
with the internal bipolar shell appearing brightest towards the centre. In the light of
[Oiii] (figure 4.1(f)), however, the central region shows very little nebular emission,
with the internal bipolar shell appearing brightest towards the outer edge of the spher-
ical region.
The CSPN is known to be an irradiated binary with an orbital period of 0.535 days
and an extremely large amplitude (0.816 mag in the I-band). A fuller discussion of the
bCSPN of ETHOS 1 is reserved for chapter 6.
4.3 Observations and data reduction
Table 4.1: A log of the spectroscopic observations of ETHOS 1.
Date Instrument Filter Exp. Seeing Air- PA Notes
(λcentre/∆λ) time mass
2010 Sep 23 MES-SPM 6564/90Å 1800s 1.0” 1.1 157◦ Major axis
2010 Sep 23 MES-SPM 5005/50Å 1800s 1.1” 1.1 157◦ Major axis
2010 Sep 23 MES-SPM 5005/50Å 1800s 1.1” 1.2 60◦ Minor axis
iNB - All images presented in figure 4.1 were acquired and reduced by B. Miszalski (see Miszalski
et al. 2011b for further details).
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High-resolution, longslit, echelle spectroscopy of ETHOS 1 was acquired using
MES-SPM on 2010 September 23 by L. Sabin, at the request of the author and B.
Miszalski. Slits were positioned roughly along the apparent major and minor axes
of the nebula at PAs of 157◦ and 60◦, respectively. The major axis was observed in
Hα, [Nii]6584 Å and [Oiii]5007 Å, but due to CCD problems, the minor axis was
only observed at [Oiii]5007 Å. These observations are summarised in table 4.1. All
observations were reduced by the author as described in section 2.4, and are presented
in Figures 4.2 and 4.3.
The PV arrays from the major axis (Figure 4.2) appear consistent with the inter-
pretation of the nebular morphology inferred earlier from deep imagery. Both Hα and
[Oiii]5007 Å PV arrays display roughly the same structure, with a bright, central figure
of eight profile typical of waisted bipolar structures and attributable to the hourglass-
like structure referred to earlier. However, in Hα this central hourglass appears to be
filled in (not a hollow shell) while the [Oiii]5007 Å profile clearly shows two distinct
velocity components on the southern side, taken to originate from the front and back
sides of a hollow shell. Similarly, the [Oiii]5007 Å profile is far more irregular with
some asymmetry between the northern and southern sides as well as no emission from
the centre (at the nebular systemic velocity). This lack of emission around the central
star in [Oiii]5007 Å is consistent with that observed in the images (figure 4.1(f)), and
could be due to ionisation stratification. If the central star is very hot, as expected from
the amplitude of the observed irradiation effect (section 4.2 and chapter 6), then any
oxygen close to the centre of the nebula would be expected to be in higher ionisation
states (with O+2 appearing slightly further out) as shown in figure 4.4. This is also
supported by the spectroscopy presented by Miszalski et al. (2011b), which shows the
high-excitation nature of the nebula.
Both Hα and [Oiii]5007 Å profiles along the major axis also show a faint velocity
ellipse arising from the spherical central region. The jets are detected in all three emis-
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sion lines (Hα, [Nii]6584 Å and [Oiii]5007 Å), appearing brightest in [Oiii]5007 Å,
while only the very tips are detected in [Nii]6584 Å indicating that the majority of
the emission seen in the Hα+[Nii] imagery (figure 4.1(b) and (e)) is due to Hα rather
than [Nii]. In [Oiii]5007 Å, the jets also show some signs of splitting, consistent with
the idea of an ionised shock front as in Raga et al. (2008). The lack of [Nii]6584 Å
emission, as seen here, is typical of very high-excitation PNe, interestingly, however,
high-excitation bipolar PNe are often found to display the converse extreme of a very
high [Nii]6584 Å to Hα ratio (for example, NGC 2346; Walsh 1983).
The [Oiii]5007 Å PV array from a slit roughly parallel to the minor axis of the
nebula but offset ∼2 arcsec to the North of the central star, shown in Figure 4.3, is also
consistent with the previous interpretation of the nebular morphology. The PV array
displays a faint velocity ellipse originating from the spherical central region, with a
bright patch of blue-shifted emission inside from the internal bipolar structure (being
blue-shifted as a result of the offset of the slit from the nebular centre and the inclined
nature of the structure).
4.4 Spatio-kinematic modelling of ETHOS 1
A shape model was developed to replicate the spectral and imaging observations, and
is presented in Figure 4.5. The model comprises a filled sphere of material with an
internal bipolar shell and fainter bipolar shell protruding from the central sphere (with
roughly the same parameters as the internal bipolar shell). No attempt was made to
model the structure of the jets. The best-fitting model has inclination i = 60◦±5◦ and
a hubble-flow expansion equivalent to an expansion velocity of 55±5 km s−1 for the
spherical region (particularly large for a planetary nebula, as discussed in chapter 3).
A summary of the key parameters of the best-fitting model is presented in table 4.2
The model replicates the main features observations well, recreating both the ve-
locity ellipse present in both slits at [Oiii]5007 Å, in addition to the contributions from
the internal bipolar structure at both slits (the figure of eight in Figure 4.2 and the bright
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(a) (b) (c)
Figure 4.2: PV arrays from the major axis of ETHOS 1 in the light of (a) Hα and (b)
[Nii]6584 Å and (c) [Oiii]5007 Å. All velocities are heliocentric radial velocity, vhel.
Figure 4.3: An [Oiii]5007 Å PV array parallel to minor axis of ETHOS 1 but slightly
offset to the north of the central star. All velocities are heliocentric radial velocity, vhel.
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blue-shifted emission in Figure 4.3). The model was not created to replicate the ob-
servations in a single emission line, meaning that internal hourglass does not perfectly
reproduce the observed PV arrays in either Hα or [Oiii]5007 Å, but does reproduce the
broad characteristics of the observations in both lines sufficiently well to serve as an
approximation for true structure.
Although there is no published distance to ETHOS 1, the spatio-kinematical model
can be used to determine kinematical age per unit distance of ETHOS 1 of 900 ± 100
years kpc−1 for the modelled central regions. Similarly, assuming the jets have the same
inclination as the internal bipolar structure, i = 60◦±5◦, it is also possible to determine
their kinematical age per kpc as 1750 ± 250 years (at their tips), almost double that of
the central region. A similar difference in age between polar and equatorial outflows
is also observed in two other planetary nebulae with binary central stars, Abell 63
(Mitchell et al. 2007) and The Necklace (Corradi et al. 2010 and Section 6.3.6). This
age difference is a possible indication that the jets are formed before the CE, originating
from an accretion disk around the secondary as it accretes material from the primary
(Corradi et al. 2010).
Table 4.2: A table of the key parameters of the best fitting shape model for ETHOS 1
(parameters are as defined in 2.4.3). Although the jets are not modelled, the depro-
jected jet velocity (assuming the same inclination as the model central nebula) is also
included.
Inclination, i 60◦ ± 5◦
Heliocentric systemic velocity, vsys −20 ± 5 km s−1
φ ratio ∼2 (inner bipolar nebula)
Expansion velocity of the spherical region, vexp 55 ± 5 km s−1
Maximum jet velocity 120 ± 10 km s−1
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4.5 Discussion
4.5.1 Shaped by a binary central star?
If the central binary star has played a role in the shaping of ETHOS 1, the binary plane
would be expected to lie perpendicular to the symmetry axis of ETHOS 1 (established
above as i = 60◦ ± 5◦). The inclination of the central binary system can only be
accurately determined through detailed further study, including spectroscopic radial
velocity observations and modelling (both of which are planned; Hillwig & Miszalski,
private communication). Until the results of such an investigation are available, one
can only speculate on the relationship between the binary and the PN. If one considers
other bCSPN of similarly high amplitude to that of the bCSPN of ETHOS 1 (AI =
0.76 mag, Figure 6.22(a)), only K 1-2 (AV = 0.68 mag, Exter et al. 2003b), Sab 41
(AI = 0.85 mag, Miszalski et al. 2009a) and the Necklace (AI = 0.75 mag, chapter
6; Corradi et al. 2010) are comparable, and of those only K 1-2 has a determined
inclination (i = 50◦, Exter et al. 2003b). Comparing K 1-2 to ETHOS 1 and assuming
the central star systems are roughly analogous (i.e., they have very similar components
at a similar separations, see table 4.3), such that the amplitude of the variation is only
dependent on inclination, the inclination of ETHOS 1 would have to be greater than
that of K 1-2 (50◦ < i . 80◦) consistent with the inclination of the PN. However, the
PNe themselves are very different, with K 1-2 displaying many low ionisation features
in the form of knots and filaments (Corradi et al. 1999), indicating that it is almost
certainly inappropriate to use K 1-2 as an analogue for ETHOS 1.
Table 4.3: A comparison of the bCSPN of ETHOS 1 and K 1-2. Here nebular electron
temperature, Te, is listed as an indicator of the temperature of the bCSPN.
ETHOS 1 K 1-2
Amplitude (mag) I = 0.76 V = 0.68
Period (days) 0.53 0.68
Inclination . 80◦ (not eclipsing) 50◦
Te of nebula 17700 K TO =15600–16500 K
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4.5.2 Polar outflows
Only two other PNe with bCSPN, that display polar outflows have been subjected to
detailed kinematical study (A 63: Mitchell et al. 2007; The Necklace: Corradi et al.
2010)ii. Comparing the kinematical ages of the polar outflows in each of these nebulae
(A 63, Necklace and ETHOS 1) to the central or equatorial kinematical ages reveals
that the polar outflow appears older in each nebula (see table 4.4). Some difference
may be expected, as the most distant parts of the outflow would have been slowed
by drag forces as they travel through circumstellar or interstellar material, resulting
in an increased kinematical ageiii. However, as a similar result is obtained for each
nebula (tnebula ∼ 2 × t jets), it is important to consider that this may be an evolutionary
sequence (rather than a result the kinematical age not being the true age). There are
various scenarios for the formation of a polar outflow at the same time as a central
nebula (see Corradi et al. 2010 for a discussion), but only one has been put forward
for the formation of a polar outflow before the nebula. In this scenario, the polar
outflow originates from an accretion disc around the secondary (of the central binary
system), which is accreting matter either from the wind of the primary or via Roche
lobe overflow (Soker 1998; Soker & Rappaport 2000). Some time later, the binary
forms a CE, and goes on to produce a PNe as described in chapter 1, meaning that the
PN is younger than the polar outflow, just as observed. If the accretion disk is formed
by Roche lobe overflow, the difference in age between polar outflow and PN may give
an estimate of the duration of the CE phase, as the CE would also be formed by the
Roche lobe overflow. Unfortunately, the distances to A 63, the Necklace and ETHOS 1
are not known, meaning that all kinematical ages are quoted per unit distance, making
a true estimate of the differences in age between polar outflows and PNe difficult.
iiNGC 6337 also shows a supersonic collimated outflow, but its orientation with respect to the equa-
torial nebular ring is unclear (Garcı´a-Dı´az et al. 2009), so it is omitted from consideration here.
iiiThe kinematical age is generally considered to be the upper limit of the age of an outflow, as it
can easily be increased by a reduction in outflow velocity due to drag. Conversely, for a flow which is
being accelerated, the kinematical age will be lower than the real age of the outflow, however this would
also result in a non-Hubble type outflow profile (an atypical outflow pattern for a PNe, Meaburn et al.
2005b).
David Jones 161
4: ETHOS 1
However, at a canonical distance of 1 kpc, all age differences are of the order ∼1000
years, comparable to the maximum lifetime of a CE (also ∼1000 years, Webbink 2008).
Interestingly, the binary periods expected to produce these kinds of polar outflows (∼
a few years; Soker & Livio 1994) are much longer than the current orbital periods of
these systems, but may have been comparable to the period before spiral-in during the
CE phase.
Table 4.4: Kinematical ages of central nebulae and polar outflows of PNe with bCSPN.
PN tnebula (yrs/kpc) t jets (yrs/kpc) v jets ( km s−1) Reference
A 63 3500 ± 200 5200 ± 1200 126 ± 23 Mitchell et al. (2007)
Necklace 1100 ± 100 2350 ± 450 95–115 Corradi et al. (2010)
ETHOS 1 900 ± 100 1750 ± 250 120 ± 10 this chapter
As can be seen in table 4.4, the polar outflows of A 63, the Necklace and ETHOS 1
all have very similar velocities (∼120 km s−1), implying that this may be an intrinsic
property of the jet producing system that must be accounted for by future modelling.
This velocity is also considerably lower than the outflow velocities seen in other PNe
without bCSPN (e.g., in MyCn 18 v jets = 630 km s−1; O’Connor et al. 2000), indi-
cating that there may be a different physical process at work (although, on average, a
v jets ∼ 100 km s−1 is not unusual; Miszalski et al. 2011b).
4.6 Summary
Based on high-resolution long-slit spectroscopy and deep imaging, a spatio-kinematic
model of ETHOS 1 has been developed, confirming the bipolar nature of the cen-
tral region of the PN. If, as expected, the bCSPN has played a role in the shaping of
ETHOS 1, then further study of the bCSPN should reveal its inclination to be i ∼ 60◦
(i.e., perpendicular to the nebular symmetry axis as determined by the spati-kinematic
model).
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The jet-like structures of ETHOS 1 are found to be kinematically older than the
central nebula (by almost a factor of two), assuming that both have the same inclina-
tion. Similar age differences are also seen in other PNe with bCSPN (A 63 & Neck-
lace) and, at a canonical distance of 1 kpc, these age differences are of the order of the
lifetime of a CE, possible evidence that the polar outflows are produced before the CE.
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Figure 4.4: Ionisation structure of oxygen for a model planetary nebula, reproduced
from Osterbrock (1989).
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(a)
(b) (c)
Figure 4.5: The shape outputs for the preliminary model of ETHOS 1. (a) Synthetic
image of ETHOS 1, (b) synthetic PV array corresponding to those shown in Figure 4.2
and (c) synthetic PV array corresponding to the one shown in Figure 4.3.
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We dance around the ring
and suppose,
but the secret sits in the middle
and knows
Robert Frost (1874 – 1963) 5
SuWt 2
The work presented in this chapter was published in Jones et al. (2010a).
5.1 Introduction
SuWt 2 is usually included in lists of PNe with known bCSPN even though it is gen-
erally accepted that neither component of the binary seen at its centre could be the
progenitor (de Marco 2009). The star system believed to lie at the centre of SuWt
is a MS-binary pair (comprising two A-type stars), however, as described in chapter
1, PNe are produced by post-MS stars as they eject, and then ionise, their envelopes.
Therefore, as neither component of the binary can be the progenitor, only two scenarios
remain: (a) The double A-type binary is actually part of an exotic triple star system,
where the third component is the, as yet undetected, nebular progenitor, or (b) The
double A-type binary is merely a coincidental field star system, with no physical con-
nection to SuWt 2. The resolution of which formation scenario for SuWt 2 is correct
is important for the study of the influence of central star binarity on PN morphology
(even though it is not a conventional PN with a bCSPN), because it means the dif-
ference between SuWt 2 being an exotic cousin of the bCSPNe, possibly undergoing
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some of the same physical processes in their shaping, or no relation at all, and a PN
that should, therefore, be removed from consideration.
In this chapter, I examine the relationship between SuWt 2 and the double A-type
binary by spatio-kinematically modelling the PN and comparing my results to those
published for the binary. Previous work on both SuWt 2 and its central star are re-
viewed in section 5.2. The observations of SuWt 2 are detailed in section 5.3. The
analysis and subsequent modelling of these observations are presented in section 5.4.
The results are then discussed in section 5.5 and summarised in 5.6.
5.2 Background
SuWt 2 (PN G311.0+02.4, α = 13h55m43s.23, δ = −59◦22′40′′.03 J2000) was de-
scribed by Schuster & West (1976) in their discovery paper as ‘an elliptical nebular
ring upon which several star-like images are superposed’ (see figure 5.1). Further
spectroscopic observations led West (1976) to classify SuWt 2 as a PN based on the
presence of strong forbidden emission lines, such as [Oiii]5007 Å, [Nii]6584 Å and
[Sii]6717+6731 Å. They also note strong Balmer decrement indicative of high levels
of obscuration, particularly in the south-western part of the ring which is consistent
with the ESO 1-m Schmidt plate image on which it was discovered. Using their spec-
trograms they determined a heliocentric radial velocity of −40 ± 9 km s−1.
Photometric observations of the star seen in the centre of the nebular ring by Bond
et al. (2002) showed it to be an eclipsing binary with a period of 4.91 days. Radial
velocity observations found a double-lined binary, where both components are A-type
stars with masses of ∼ 3 M⊙ and no indication of a hotter component (Exter et al.
2003a). It is unclear what mechanism could lead to the formation of a PN associated
with this system, as the nebular shell would have to be formed by a star during post-
MS evolution (as described in chapter 1). A born-again scenario has been suggested
but is considered highly unlikely due to the extremely similar nature of the two stars
(Bond et al. 2002), indicating that neither is a highly evolved stellar remnant. It is
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also impossible for either star to account for the ionising flux required to illuminate the
nebula, thus leading Bond et al. (2002) to put forward the possibility that the system
is actually a trinary with a distant, and as yet undetected, third WD component which
would account for both the origin and illumination of the nebular shell. This hypothesis
is also supported by the unusually slow rotation period seen in the A-type binary, which
could have resulted from an interaction with a third star (Bond et al. 2008). However,
as yet there is no direct observation of a third component, but radial velocity variations
have been observed in the systemic velocity of the double A-type binary which are
indicative of the presence of a third component (Exter et al. 2010).
Smith et al. (2007) speculated that rather than originating from a third WD com-
ponent, the ionizing flux could come from the bright B2 star approximately 1’ to the
north-east of SuWt 2. This could also account for the observed brightness enhance-
ment in the north-eastern edge of the nebular ring, but would require the star to be
at a similar distance to SuWt 2. They concluded that further investigation would be
required to assess the validity of this hypothesis.
In their analysis, Smith et al. (2007) also noted that the A-type binary system is
offset from the centre of the nebular ring which could be seen as possible evidence for
a wide trinary system, where the progenitor star may be at the ring’s geometric centre
(this possibility will be further discussed in section 5.5). They also found, as initially
shown by West (1976), a high [Nii]6584 Å to Hα ratio, indicating that SuWt 2 is a
post-main sequence object with an intermediate mass progenitor, in stark contrast to
the A-type main sequence bCSPN.
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Figure 5.1: ESONTT exposure of SuWt 2 in the light of [Nii]6584 Å , the cut-out shows the same image at greater contrast in order
to more clearly highlight the extent of the nebular ring and the presence of the bipolar lobes.
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5.3 Observations and data reduction
Table 5.1: A log of the imaging and spectroscopic observations of SuWt 2.
Imaging
Date Instrument Filter Exp. Seeing Airmass Notes
(λcentre/∆λ) time
1995 April 20 EMMI 6588/30Å 1000s 1” 1.4
Spectroscopic
Date Instrument Filter Exp. Seeing Airmass PA Notes
(λcentre/∆λ) time
2005 Mar 3 EMMI 6568/73Å 1800s 1” 1.2 −40◦ Slit 8
2005 Mar 3 EMMI 6568/73Å 1800s 1” 1.2 −40◦ Slit 7
2005 Mar 3 EMMI 6568/73Å 1800s 1” 1.2 −40◦ Slit 6
2005 Mar 3 EMMI 6568/73Å 1800s 1” 1.2 −40◦ Slit 9
2005 Mar 3 EMMI 6568/73Å 1800s 1” 1.3 −40◦ Slit 10
2005 Mar 4 EMMI 6568/73Å 1800s 1” 1.2 56◦ Slit 3
2005 Mar 4 EMMI 6568/73Å 1800s 1” 1.2 56◦ Slit 2
2005 Mar 4 EMMI 6568/73Å 1800s 1” 1.2 56◦ Slit 1
2005 Mar 4 EMMI 6568/73Å 1800s 1” 1.3 56◦ Slit 4
2005 Mar 4 EMMI 6568/73Å 1800s 1” 1.4 56◦ Slit 5
The narrow-band [Nii]6584 Å image of SuWt 2 shown in figure 5.1 was obtained
by D. Pollacco using the ESO Multi-Mode Instrument (EMMI; Dekker et al. 1986)
on the 3.58-m ESO New Technology Telescope (NTT) on 1995 April 20 with an ex-
posure time of 1000 s and a seeing of 1” (the pixel scale of EMMI in this mode is
0.27” pixel−1). The image was reduced by D. Pollacco using the standard techniques
described in Pollacco & Bell (1997). Due to the location of the filter wheel in the
optical set-up of EMMI, the chosen filter was mounted at an inclination of 5◦ to the
incoming parallel beam (avoiding reflections between the filter and CCD). This does,
however, mean that the transmission of the filter is shifted depending on the location
on the CCD as described in Ruﬄe (2006). At the centre of the CCD the wavelength of
transmission was 6588 Å with a FWHM of 30 Å.
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As the filter transmission varies with location on the CCD, it is important to assess
whether there is sufficient bluewards shift to also include the Hα nebular emission or
even lose the [Nii]6584 Å emission all together. Assuming that the point at which
Hα contamination becomes appreciable is the point at which the Hα emission line is
shifted within the FWHM of the filter (and assuming that the FWHM does not change
appreciably with angle of transmission), it is possible to calculate the offset from the
centre of the CCD at which Hα emission begins to appear in the image. Following
the simplified geometric model of EMMI of Ruﬄe (2006), the angular separation at
which Hα contamination becomes appreciable is found to be ∼150”, meaning that Hα
contamination should not affect the [Nii]6584 Å image of SuWt 2 as the ring and lobes
are contained within this radius.
The image shows the bright, nebular ring and much fainter lobes extending to the
north-east and south-west of the ring. These lobes were first alluded to by Exter et al.
(2003a) but are presented here in a much deeper image (figure 5.1, the lobes are also
clearly visible in the SuperCOSMOS Hα Survey, Parker et al. 2005). The ring is
almost elliptical, but somewhat irregular and slightly wider to the north-west. It can
be seen, by comparing the two panels in figure 5.1, that the bright nebular ring appears
much thicker and more regular when shown at high contrast, as previously noted by
Smith et al. (2007). The lobes seen protruding to the north-east and south-west of the
ring appear to show the bipolar morphology typical of many ring-PNe (e.g., IC 2149:
Va´zquez et al. 2002 and WeBo 1: Bond et al. 2003). The nebula can be seen to exhibit
brightness variations across not only the ring, as noted by Smith et al. (2007), but also
in the bipolar lobes. Both lobes appear brighter along their north-western edges and
the lobe protruding to the north-east appears brighter than its south-western counterpart
(with the south-eastern edge of this lobe not even appearing in the high contrast cut-
out of figure 5.1). Approximately 100” to the south of the nebular ring, a faint arc of
emission extending around 30” can be seen, possibly constituting a brightened region
of the southern lobe.
Spatially resolved, longslit emission-line spectra of SuWt 2 were obtained by D. L.
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Mitchell with EMMI on the ESO-NTT on 2005 March 3-4 using the red arm of the
spectrograph. EMMI was used in single order echelle mode, with grating Eche#10 and
the narrow-band Hα filter (ESO filter #596) to isolate the 87th order containing the Hα
and [Nii]6584 Å emission lines. Binning of 2 × 2 was used, giving spatial and spectral
scales of 0.33” pixel−1 and 3.8 km s−1 pixel−1, respectively. The slit had a length of
330” and width 1” (≡10 km s−1). All integrations were of 1800s duration and the
seeing never exceeded 1”. In total 10 integrations were obtained, five roughly parallel
to the minor axis of the nebular ring at a position angle (PA) = 56◦ (numbered 1 to 5)
and five roughly parallel to the major axis of the nebular ring at a PA = −40◦ (numbered
6 to 10). The slit positions are shown overlaid on a deep image of SuWt 2 in figure 5.2.
The slit positions were chosen to cover the bright nebular ring and also search for faint
extended emission outside the ring. The data were reduced by the author using the
techniques outlined in section 2.4, and the fully reduced position-velocity (PV) arrays
for [Nii]6584 Å are shown in figures 5.3 and 5.4. A summary of all observations of
SuWt 2 is presented in table 5.1.
The y-axis zeroes (spatial dimension) of the PV arrays are set to the point at which
the slit crosses either the major (slits 1 to 5) or the minor (slits 6 to 10) axis of the
nebular ring. Here, both the major and minor axes are taken to be through the bright
double A-type binary star. Note that the spectrum of the double A-type binary is not
spatially centred between the bright regions of emission corresponding to either side
of the nebular ring (figure 5.4(c)), confirming the finding of Smith et al. (2007) that the
binary does not lie at the geometric centre of the nebula. Although slits 7 and 9 (figures
5.4b and d) show stellar continuum at approximately 0”, these are merely coincidental
field stars and only slits 3 and 8 (figures 5.3(c) and 5.4(c)) actually cross the double
A-type binary. Similarly, both slits 3 and 8 (figures 5.3(c) and 5.4(c)) appear to show
three stellar continua around 0”, this is actually an artefact of the system resulting from
the brightness of the double A-type binary (the stellar spectrum itself is saturated).
These, so-called, ghosts are common in optical systems (Vernet et al. 2010), and can be
removed by placing an occulting strip in front of the slit eliminating the contaminating
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continuum as far up the optical chain as possible (Meaburn et al. 2003). However, as
there is no access to the slit in the EMMI set-up and only a small region of the observed
nebula is affected, it was not deemed necessary to alter the observing strategy to try
and remove the ghost.
It can be seen from the PV array of slit 3 (figure 5.3(c)) that the nebular ring is tilted
such that its north-eastern side is towards the observer (assuming that it is expanding
radially outwards). The PV array from slit 8 (figure 5.4(c)) appears to show a ‘velocity
ellipse’ with very bright end components where the slits cross the bright ring, and much
fainter red and blue components connecting the bright ends. The bright emission in
slits 7 and 9 (figures 5.4(b) and (d)), which cross the north-east and south-west limbs
of the ring, again show that the north-eastern part of the ring is blueshifted and the
south-western part is redshifted.
The PV array from slit 1 (figure 5.3(a)) shows that emission from both the brighter
north-eastern lobe and the fainter south-western lobe is split into two components out
to at least 50”. This splitting can also be seen in slits 2 to 5 (figure 5.3) particularly
in the south-western lobe (even though slit 5 apparently ‘misses’ the nebula in figure
5.2, it is clear that the nebular lobes protrude that far as they are detected in the slit
spectrum, figure 5.3(e)). Slits 6 and 10 (figures 5.4(a) and (e)), which do not cross the
bright ring, show velocity ellipses in their PV arrays, indicating that the two lobes have
a hollow-shell structure.
A bright, compact structure can be on slits 1 and 2 between −70 and −90”(shown
zoomed-in in figure 5.5). This feature is almost certainly associated with the nebula,
due to the similarity in radial velocity between the feature and the nebula. One pos-
sibility is that the compact bright feature marks the nebular rim or opening, as these
regions are often enhanced in brightness (see e.g., MyCn 18, figure 1.1; Dayal et al.
2000). This is, however, unlikely, because the faint emission seen at more negative
angular offsets indicates that the bipolar lobe continues beyond this point. It is more
likely to be as a result of some filamentary structure in the nebular shell, such as the
faint arcs of emission to the south of the nebula in figure 5.1 .
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Figure 5.2: ESONTT exposure of SuWt 2 in the light of [Nii]6584 Å showing the
position and extent of slits used
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(a) Slit 1 (b) Slit 2 (c) Slit 3 (d) Slit 4 (e) Slit 5
Figure 5.3: The observed [Nii]6584 Å PV arrays from slits 1 to 5 (see figure 5.2). Note
that the gap between the two CCD chips appears as a white band at negative angular
offsets.
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(a) Slit 6 (b) Slit 7 (c) Slit 8 (d) Slit 9 (e) Slit 10
Figure 5.4: The observed [Nii]6584 Å PV arrays from slits 6 to 10 (see figure 5.2).
Note that the gap between the two CCD chips appears as a white band at negative
angular offsets.
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(a) Slit 1 (b) Slit 2
Figure 5.5: Zoomed in [Nii]6584 Å PV arrays of slits 1 and 2 (see figure 5.2) to
highlight the unusual spectral feature appearing in both.
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5.4 Analysis
5.4.1 Deprojection of the ring
Ellipse fitting was used to determine the dimensions of the ring as a=90”±5”and
b=33”±2”(where a is the major axis, and b the minor axis, of the best fitting ellipse).
The high uncertainty in the fit (c.f. both the pixel scale and the seeing) is due to the
obviously irregular nature of the ring, as commented on in section 5.3. These dimen-
sions were then used to deproject the ring, assuming the ellipse is actually formed by
an inclined circular torus, using
θi = arccos
(
b
a
)
= 68◦ ± 2◦ (5.1)
where θi is the inclination of the ring to the line of sight. Similarly, the fitted ellipse
was used to determine the offset of the double A-type binary from the ring’s centre as
approximately 4” north and 2” east.
The orientation of the best-fitting ellipse also constrains the orientation of the slit
positions with respect to the nebular ring (see section 5.3), finding slits 1 to 5 to be
inclined at 9◦ to the minor axis of the nebular ring and slits 6 to 10 to be inclined at 3◦
to the major axis.
5.4.2 Spatio-kinematical modelling of SuWt 2
A spatio-kinematic model for the [Nii]6584 Å emission from SuWt 2 was developed
using shape (Steffen & Lopez 2006). [Nii]6584 Å emission was chosen rather than
Hα due to its lower thermal broadening and greater intensity in this object. The Hα
profiles were also contaminated by background Galactic emission.
A Hubble-type flow was assumed, while all other nebular parameters (size, shape,
expansion scale velocity, etc.) were manually varied over a wide range, and the re-
sulting image and PV-arrays compared by eye to their observed counterparts until a
satisfactory fit was found. The final model comprises a bipolar hourglass structure
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waisted by a circular torus. However, the nebula could not be fit satisfactorily us-
ing a model with symmetric lobes, with the emission from the north-eastern lobe fit
best by a closed shell and the south-western by an open-ended shell. Other than the
open/closedness of the lobes both best fitting models share the same parameters, for
example; a scale expansion velocity of 28±5 km s−1 (from the centre of the nebula) for
the torus and a Heliocentric systemic velocity of −25±5 km s−1. Similarly, the nebular
inclination is the same for both models and is consistent with the value determined by
deprojection of the ring in section 5.4 and independently by Smith et al. (2007). The
key parameters of the models are listed in table 5.2.
The synthetic spectra from the open-ended model are presented in figures 5.6 and
5.7, and an image of the model is shown in figure 5.8. As the closed model is almost
identical to the open-ended model in the brightest regionsi (the ring and the parts of
the lobes very close to the ring), a selection of slits from the closed model, which
best highlight the differences between the two models, are shown alongside their ob-
served counterparts for comparison in figure 5.9. The emission component originating
from the nebular ring generally reproduces the observed PV component well for both
modelsii. Both models are derived to match the full extent of the nebular ring, but do
not include any attempt to match the significant brightness variations observed. The
model PV arrays from Slit 8 (figures 5.7(c) and 5.9(e)), which lies close to the major
axis of the ring, reveal that the bright end components of the ‘velocity ellipse’ are from
the bright ring, whereas the connecting faint components are in fact from the much
fainter lobes. The faint emission from the lobes can also be seen on Slits 7 and 9 (fig-
ures 5.4(b) and (d)), where Slit 7 shows the blueshifted edge of the ring, and a faint
redshifted component from the redshifted lobe behind it, and Slit 9 vice versa. The
identification of the observed ring as a toroidal structure rather than a limb-brightened
ellipsoid is consistent with the findings of Smith et al. (2007), based on their intensity
iNote: The two models were created with different versions of the shape code (Version 3.1 and 3.5),
accounting for the difference in appearance of the two rendered models.
iiThe rings are identical in each model, except for a slightly smaller inner radius in the open-ended
model. Much of the observed difference between the two models in this region is due to the different
versions of shape employed to produce each model (versions 3.1 and 3.5).
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profile analysis of the image.
The faint emission from beyond the extent of the bright ring is consistent with a
bipolar structure, although the brightness asymmetry between the north-east and south-
west of the nebula is not included in the model. Similarly, the irregular nature of
the ring (particularly obvious in the northwestern part) is not modelled, this is shown
most clearly in Slit 4 (figure 5.3(d)) which clearly intersects the edge of the bright
ring but crosses inside the modelled ring (figure 5.6(d), as shown by the two velocity
components). It was examined whether this could be compensated for by offsetting
the model ring to the Southeast but the model nebula would then fail to replicate the
velocity structure of Slits 6 to 10. Another feature not replicated by the model is the
bright, compact emission seen in slits 1 and 2 (shown in figure 5.5, and remarked upon
in section 5.3).
All the observed PV arrays show what appears to be a very faint component at 0 km
s−1 along the full extent of the slit, which is not reproduced by the model. This may
indicate the presence of a large halo surrounding the nebula, similar to those shown
in Corradi et al. (2003), or simply be faint Galactic emission (somewhat unusually,
appearing at the same heliocentric velocity as the nebula, such that it is not resolved
out).
Table 5.2: A table of the key parameters of the best fitting model for SuWt 2 (parame-
ters are as defined in 2.4.3).
Emission-line modelled [Nii]6584 Å
Inclination, i 68◦ ± 2◦
Heliocentric systemic velocity, vsys −25±5 km s−1
φ ratio ∼3
Ring radius 45” ± 3”
Ring expansion velocity, vexp 28 ± 5 km s−1
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(a) Slit 1 (b) Slit 2 (c) Slit 3 (d) Slit 4 (e) Slit 5
Figure 5.6: Synthetic PV arrays from Slits 1 to 5 (see figure 5.2) for the open-ended
shape model of SuWt 2.
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(a) Slit 6 (b) Slit 7 (c) Slit 8 (d) Slit 9 (e) Slit 10
Figure 5.7: Synthetic PV arrays from Slits 6 to 10 (see figure 5.2) for the open-ended
shape model of SuWt 2.
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Figure 5.8: Synthetic image of the open-ended shape model of SuWt 2 shown at the
same scale and orientation as the wide view in figure 5.1.
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(a) Slit 1 (b) Synthetic slit 1 (c) Slit 3 (d) Synthetic slit 3 (e) Slit 8 (f) Synthetic slit 8
Figure 5.9: Synthetic PV arrays from the closed model of SuWt 2 alongside their observed counterparts (NB/ this model was created
and rendered using a different version of shape to the model presented in figures 5.6, 5.7 & 5.8, accounting for the difference in
rendered appearance).
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5.4.3 Kinematical age and recession velocity
An estimate for the distance to the double A-type binary can be made by taking the
apparent magnitude of the system to be mv = 11.99 (and assuming both stars are
of equal magnitude i.e. mv of each individual star is approximately 12.7), the B − V
extinction to be E(B − V) = 0.4iii (Exter, private communication) and the spectral
type as A3V (Absolute magnitude, Mv ∼ 1.5; Cox 2000). Then using the magnitude-
distance relationship
mv − Mv = 5 log d − 5 + Av (5.2)
where Av = 3.1E(B − V) = 1.24, gives a distance of approximately 1 kpc.
If it is assumed that the nebula is at the same distance as the double A-type binary,
then the diameter of the nebular ring is ∼0.44 pc and the lobes even larger. With the
same assumption, the expansion velocity of the ring can be converted to a kinematical
age of 7600 ± 1500 yrs (or more generally 7600±1500 yrs kpc−1).
Recently, Exter et al. (2010) refined the determination of the distance to the double
A-type binary, by combining their spectroscopic and photometric observations to mea-
sure the bolometric magnitude, apparent magnitude and reddening of the system. This
allowed Exter et al. (2010) to more accurately determine the stars’ spectral types (both
as A1V), and therefore revise the absolute magnitude of the system to be Mv = −1.02
(accounting for the discrepancy between their value and that found above). The revised
distance of Exter et al. (2010) of 2.3±0.2 kpc brings the kinematical age upwards to
17500±3800 yrs. However, this distance still relies on the double A-type binary be-
ing at the nebular centre, an independent determination of the nebular distance can be
made using the Hα surface brightness - distance relationship of Frew (2008), who de-
termined the distance to be 1.76 kpciv (equivalent to a kinematical age of 13400±2700
iiiThis is apparently at odds with the “high level of extinction” observed by Schuster & West (1976),
however they comment that this is particularly true of the south-western part of the nebula, indicating
that the extinction is not constant across the PN. Additionally, they never quantify the “high level of
extinction”, leaving the statement open to interpretation.
ivNo error is quoted on this value, however an error of roughly 25% is expected from similar statistical
methodologies (van de Steene & Zijlstra 1995).
186 The Influence of bCS on the Morphologies of PNe
5.5: DISCUSSION
yrs and a ring diameter of ∼0.8 pc, not unreasonable for an evolved PNe). The small
discrepancy between the distance to the nebula, determined by Frew (2008), and that
to the double A-type binary, determined by Exter et al. (2010), may be an indication
that the double A-type binary is not actually associated with the PN, or result from the
dependance of both methods on the measured extinction.
5.4.4 Systemic velocity of the nebula
The heliocentric systemic velocity of SuWt 2 was found to be −25 ± 5 km s−1 (see
section 5.4.2). This is somewhat lower than the value of −40±9 km s−1 found by West
(1976). However, if one considers that their value was derived from lower spectral
resolution observations and that the nebula is much brighter on the blueshifted side, it
is far from unreasonable to conclude that their value was taken as the velocity at the
brightness peak of the nebula (using this method for slits 3 and 8, I determine velocities
of −38 ± 3 km s−1 and −37 ± 4 km s−1, respectively). My preferred value of −25 ± 5
km s−1, however, is determined through comparison of model spectra to observations
(and as such is not biased by the brightness variations across the nebula).
5.5 Discussion
High spatial and spectral resolution long-slit [Nii]6584 Å spectra have been used, in
combination with a deep [Nii]6584 Å image, to derive a spatio-kinematic model of the
ring-like PN SuWt 2. The best-fitting model comprises a bright torus encircling the
waist of a fainter bipolar shell, the symmetry axis of which is inclined at ∼ 68◦ to the
line of sight. A Hubble flow is assumed with an expansion velocity for the torus of
28 km s−1, which is consistent with typical PNe expansion velocities. The heliocentric
systemic velocity was refined with respect to the previously published value, and found
to be −25 ± 5 km s−1. The discrepancy between this value and that of West (1976) is
attributable to the brightness asymmetry of the nebula and their use of low-resolution
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spectra.
The bright double A-type binary is slightly offset from the geometric centre of
the nebula (Smith et al. 2007 and section 5.4.1), which may indicate that it is not
actually the central star, although it is not uncommon to find CSPN offset from their
nebular centres, particularly in ring nebulae like SuWt 2 (Pereira et al. 2008). The
eclipsing nature of the binary implies that the inclination of the binary plane is ∼ 90◦
(Exter et al. 2003a), which is substantially different from the inclination angle of the
nebula. This would seem to rule out either star as the nebular progenitor, if it is believed
that the orientation of the nebula follows that of the central binary system (Mitchell
et al. 2007; Nordhaus & Blackman 2006). Moreover, the binary is a double A-type
system meaning that neither component can be the nebular progenitor without invoking
a born-again scenario (considered unlikely due to the determined parameters of the
stars; Bond et al. 2002).
It is possible that the nebula was formed from the third component of a triple system
(Bond et al. 2002). However, there is, as yet, no direct evidence for such a third
component. If there is, indeed, a third component, the plane in which the A-type
binary orbits the progenitor would be expected to be similar to the nebular inclination
(found to be to be 68◦±2◦ by the kinematical modelling presented here). One would
also expect to see periodic variation in the systemic velocity of the A-type system
(as it orbits the third star). Exter et al. (2010) find that this systemic velocity does
show some variation, however observations are sparse and so the true nature of this
variability remains uncertainv. This does, however, mean that an association between
the nebula and A-type binary cannot be ruled out on purely kinematic grounds. A
triple-progenitor scenario could also be used to explain the unusually slow rotation
periods seen in the A-type binary, which could have resulted from an interaction with
a third star (Bond et al. 2008; Exter et al. 2010).
If the third component were to lie at the geometric centre of the nebula as sug-
vIt is not possible to use the observations presented here to add further points to the Exter et al.
(2010) radial velocity curve as the central star is saturated (section 5.3).
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gested by Smith et al. (2007), the double A-type binary would almost certainly not
be bound to the CSPN (an orbital separation of 0.05 pc at a distance of 2.3 kpc). For
the radial velocity variations measured by Exter et al. (2010), the orbital separation
would be approximately 3 AU, meaning the CSPN would still be off-centre. However,
the calculations of Exter et al. (2010) require that the unseen nebular progenitor has a
mass of ∼ 1.54M⊙, which is highly problematic not only because it is above the Chan-
drasekhar mass (the upper mass limit for a stable WD, Mazzali et al. 2007) but because
a progenitor more massive than either A-type star (required for it to have evolved faster
than the A-type stars) would leave a considerably lower remnant mass (∼ 0.7M⊙, Exter
et al. 2010). This may be indicative that the double A-type binary is part of a trinary
system with a star other than the nebular progenitor, and therefore a highly unlikely
chance alignment between a trinary star and the PN. However, if the radial velocities
measured by Exter et al. (2010) correspond to the extremes of the double A-type ve-
locity during its orbit (assumed to be circular), then the mean velocity of the system is
approximately −23 km s−1, consistent with the nebular systemic velocity of −25±5 km
s−1 determined here.
It has been previously noted that a double A-type system would not provide suf-
ficient ionisation to illuminate the nebula. However, if the double A-type binary has
a wide companion WD, which would have been the nebular progenitor, this would
obviously provide the ionising source for the nebula. Alternatively, the CSPN may
have faded such that the nebula is seen in recombination (Exter et al. 2003a). This
would imply that the nebula is very old. It is difficult to estimate the age of SuWt 2 as
its distance is unknown, however, based on the 2.3 kpc distance to the double A-type
binary and assuming the two are associated, the kinematical age of the ring is approxi-
mately 17000 years, possibly consistent with a faded CSPN. It is, however, interesting
to note that the distance to the PN of 1.76 kpc, as determined by Frew (2008) from
their surface brightness - distance relationship, is not consistent with the distance to
the double A-type binary determined by Exter et al. (2010). This may possibly indi-
cate that the double A-type binary is merely in chance alignment with the PN, or result
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from discrepancies in the determination of the two distances (i.e. an abnormal internal
extinction resulting in the use of an incorrect Hα surface brightness in the Frew 2008
relation).
A connection between the double A-type binary and SuWt 2 can neither be ruled
out nor proved. A detailed radial velocity study of the binary system, mapping its
systemic velocity as it orbits the possible third component, is required to fully ascertain
their relationship to the nebula. This will require an extensive observational campaign
as the orbital period of the trinary is likely to be ≥ 1 month (Exter et al. 2010). It has
also been considered that the reflex motion of the A-type binary may be detectable
by eclipse timings, however the required accuracy was unreachable by Exter et al.
(2010). Similarly, the detection of the missing progenitor in the UV would not only
prove SuWt 2 to be a PN but help to constrain any evolutionary scenario involving
the double A-type stars. Unfortunately, SuWt 2 is at too low latitude to be observed
using GALEX (Exter et al. 2010), leaving few options for the detection of a hot UV
component.
If the double A-type binary is unrelated to SuWt 2 and merely a foreground system,
then this does not rule out the possibility that the true CSPN system is in fact an as yet
undiscovered binary.
While it is still possible that SuWt 2 has a trinary central star, there is little evidence
for a binary (only) CSPN. As such, I recommend that SuWt 2 be omitted from future
lists of PNe with bCSPN, at least until such time as trinarity can be confirmed and its
evolution compared to that of the bCSPN presented in table 1.1 (where SuWt 2 itself
is omitted).
5.6 Summary
Using high-resolution long-slit spectroscopy and deep imaging, a spatio-kinematical
model of SuWt 2 has been developed clearly showing the nebula to have a bipolar
morphology with a ringed waist. The kinematical model was used to refine the sys-
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temic velocity of the nebula, measured by Schuster & West (1976). The refined sys-
temic velocity lies well within those measured for the double A-type binary by Exter
et al. (2010), possibly indicating that it may form a trinary system with the nebula
progenitor.
Further radial velocity observations are required to fully constrain the nature of the
double A-type binary (i.e. fully map its radial velocity variations to prove trinarity),
however if the double A-type did become engulfed in the nebula progenitor forming
a common envelope as suggested by Exter et al. (2010), then the inclination of the
trinary plane should be found to be equal to that of the nebular ring (determined to be
68◦±2◦ by the kinematical modelling presented here).
As there is no evidence that the CSPN of SuWt 2 is a binary alone, it is recom-
mended that SuWt 2 be omitted from future lists of PNe known to contain bCSPNe
and reserved for special investigation as a possible trinary CSPN.
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We are all in the gutter,
but some of us are
looking at the stars
Oscar Wilde (1854–1900)
6
A search for central star binarity based
on morphological traits
The work presented in this chapter was published as part of a collaboration, along
with the work of others (not presented here) in Corradi et al. (2010), Miszalski et al.
(2010a), Santander-Garcı´a et al. (2010a), Corradi et al. (2011) & Miszalski et al.
(2011b).
6.1 Introduction
Central star binarity is often invoked as the main driver behind the shaping of aspher-
ical planetary nebulae (see de Marco 2009 and the references therein), though until
recently the sample of known, close-binary central stars was only a tiny fraction of the
total number of PNe known - roughly a dozen (de Marco et al. 2008) c.f. ∼3000 Galac-
tic PNe (Frew & Parker 2010). However the work of Miszalski et al. (2008a, 2009a,
2009b) dramatically increased the number of PNe known to contain binary central
stars, allowing them to compare the apparent morphological traits of the new sample
of 30 PNe. They showed that, as predicted by evolutionary theories (de Marco 2009,
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Nordhaus & Blackman 2006), the nebulae tend to display bipolar morphologies. Ad-
ditionally, they found that a large fraction displayed low ionisation structures, like jets,
rings and filaments (Figure 6.1), suggesting that these traits could be used to predict
CSPN binarity (Miszalski et al. 2009b).
Figure 6.1: Rings of low-ionisation structures and polar outflows or jets (marked by ar-
rows) in planetary nebulae with known binary central stars, reproduced from Miszalski
et al. (2010a).
In order to investigate this claim, whilst also increasing the number of bCSPN
known, a survey for photometric variability amongst PNe displaying jets, rings and
filamentary structures was initiated by the author and collaboratorsi. The current status
of this survey is reported in this chapter, with the selected sample and the observations
detailed in section 6.2. The individual analysis and results are reported, on an object
by object basis, in section 6.3, and the collective results analysed in section 6.4, before
being summarised in section 6.5.
6.2 Sample and observations
The PNe forming the selected sample, and a brief statement of the current status of
the observations for each, is shown in table 6.1. As this project is on-going only the
objects from which a complete dataset has been acquired will be discussed in full in
this chapter. It is important to note that this is a biased survey not only because very
specific morphological selection criteria have been used, but also because several of
iIt is important to note that the primary objective of the programme was not to test whether certain
morphological features could be used to predict central star binarity, but to merely increase the number
of bCSPN known.
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the targets already had some evidence of binarity (marked with an asterisk in table
6.1), although none were published confirmed binaries at the time of the observations.
The evidence for binarity in these targets ranged from a possible composite spectrum
through to a definite detection of periodic radial velocity variability (more detail for
each object will be given in section 6.3). I will attempt to take these factors into
account when drawing conclusions from the results in section 6.4.
The targets that form the sample were selected based on their morphological fea-
tures using the prototype PNe catalogue of Miszalski (in preparation), which attempts
to compile available imaging and spectroscopy from all known PNe including recent
survey discoveries from IPHAS (Drew et al. 2005; Sabin et al. 2010) and MASH (I:
Parker et al. 2005; II: Miszalski et al. 2008a). It is important to note that table 6.1 does
not represent a complete or exhaustive sample - only a selection chosen as representa-
tive of the various morphological selection criteria - and as such only the targets that
have been observed are included in table 6.1. Similarly, this investigation is on-going
and therefore has no definitive sample - only a sample that has been observed thus far.
The final sample will depend heavily on the amount further observing time awarded
to the project as well as the telescope(s) on which that time is awarded (for example,
time awarded on smaller telescopes will force us to bias the sample towards brighter
CSPN).
Te 11 is included in the sample although it does not display any of the morpho-
logical features previously mentioned as selection criteria. It does, however, display a
highly unusual, diffuse, bipolar morphology, that is unique among planetary nebulae,
and was therefore included out of interest ii. Further discussion of Te 11 is reserved for
section 6.3.1.
iiThe inclusion of Te 11 is not entirely unwarranted, as irregular morphologies were also prevalent
amongst the sample analysed by Miszalski et al. (2009b).
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Table 6.1: The sample of PNe selected for photometric monitoring, arranged by the current status of the observations. PNe with
pre-existing evidence for central star binarity, which may be considered to have influenced their inclusion in the sample, are marked
with an asterisk (the reader is referred to the text for more details).
PN common name PN G classification RA Dec Morphological features Status of observations
Te 11 PN G203.2−13.4 05 45 58.2 +02 21 06 Unique Complete - variable
NGC 6326∗ PN G338.1−08.3 17 20 46.3 −51 45 15 Filaments Complete - variable
Hen 2-428∗ PN G049.4+02.4 19 13 05.2 +15 46 40 Ring Complete - variable
ETHOS 1 PN G068.1+11.0 19 16 31.5 +36 09 48 Jets Complete - variable
NGC 6778 PN G034.5-06.7 19 18 24.9 −01 35 47 Jets, Filaments Complete - variable
the Necklace PN G054.2−03.4 19 43 59.5 +17 09 01 Ring, Jets Complete - variable
Prı´ncipes de Asturias∗ PN G126.6+101.3 01 25 07.9 +63 56 52 Ring Complete - non-variable
A 47 PN G030.8+03.4 18 35 22.6 −00 13 51 Ring Complete - non-variable
K 3-36 PN G044.3−05.6 19 32 39.6 +07 27 52 Jets Complete - non-variable
PM 1-333 PN G100.4+04.6 21 40 59.1 +58 58 37 Jets, Filaments Complete - non-variable
M 1-16 PN G226.7+05.6 07 37 18.9 −09 38 48 Jets Abandoned - nebular contamination
Fg 1∗ PN G290.5+07.9 11 28 36.2 −52 56 05 Jets, Ring Abandoned - nebular contamination
IC 5217 PN G100.6−05.4 22 23 55.7 +50 58 00 Jets, Ring Abandoned - nebular contamination
Hen 2-39 PN G283.8−04.2 10 03 49.2 −60 43 48 Ring Incomplete
Hen 2-107 PN G312.6−01.8 14 18 43.3 −63 07 10 Ring Incomplete
NGC 7354 PN G107.8+02.3 22 40 19.8 +61 17 09 Filaments Incomplete
196
Th
e
Infl
u
en
ce
ofbCS
o
n
th
e
M
o
rph
ologies
ofPN
e
6.2: SAMPLE AND OBSERVATIONS
Observations were performed in the Northern hemisphere using the 1.2-m semi-
robotic Mercator Telescope (Raskin et al. 2004) located at the Roque de los Muchachos
Observatory, La Palma, Spain, in combination with MEROPE (Davignon et al. 2004),
and in the Southern hemisphere using the 1.9-m Radcliffe Telescope located at the
South African Astronomical Observatory (SAAO), near Sutherland, South Africa, in
combination with the SAAO CCD.
The SAAO CCD in combination with the 1.9-m Radcliffe Telescope has a pixel
scale of 0.14” pixel−1, but was always employed with binning of 2 × 2 leading to a
pixel scale of 0.28” pixel−1, and a gain of 2.8 e−/ADU. All SAAO CCD observations
were carried out using either a Stromgren Y (5470/230 Å) or Bessell I (Bessell 1990)
filter in order to minimise the nebular contamination of the target central star (see
section 2.3.5).
MEROPE was refurbished in October of 2009 meaning that observations taken
post-refurbishment have a gain of 2.5 e−/ADU and pre-refurbishment of 0.9 e−/ADU,
all observations have a pixel scale of 0.19” pixel−1 (0.38” pixel−1 for the employed
binning of 2 × 2). All MEROPE observations were performed using either a Cousins I
(7492/231 Å) or Geneva G (5766/222 Å) filter to minimise the nebular contamination
(see section 2.3.5). The instrumental parameters of both MEROPE and the SAAO
CCD are summarised in table 6.2.
Table 6.2: A table listing the parameters of the instruments used in the photometric
search for bCSPNe
Telescope Instrument Gain Field of Pixel Filters
(e−1/ADU) view scale (λcentre/∆λ)
1.9-m Radcliffe SAAO CCD 2.8 2’×2’ 0.28”
Bessell I
(7500/250 Å)
Stromgren Y
(5470/230 Å)
1.2-m Mercator MEROPE
0.9 pre-refurb
6.5’×6.5’ 0.38”
Cousins I
(7492/231 Å)
2.5 post-refurb Geneva G(5766/222 Å)
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The exposure times for all observations were adjusted according to the brightness
of the target and comparison stars to ensure signal-to-noise ratio of approximately 100.
To provide better sampling, each object was either observed for an extended period
or, more often, observed for multiple ‘blocks’, each of order one hour (i.e., five to
ten exposures), on a given night. Further details will be given for each target on an
individual basis in section 6.3.
All observations at the SAAO (fourteen nights) were carried out by the author (the
author was also the PI of the SAAO programme). Of the thirty-four nights at the
Mercator telescope, the author observed for fourteen, with the remainder carried out
in approximately equal proportions by M. Santander-Garcı´a, R. L. M. Corradi, M. M.
Rubio-Dı´ez, P. Rodrı´guez-Gil & C. Giammanco. Around 13 of the total of forty-eight
nights awarded to the programme were badly affected by the weather, leaving a total
of approximately thirty-five nights of observations to reach the current status of the
programme.
All data were reduced by the author as described in chapter 2. This reduction was
performed either at the telescope, for the observations acquired by the author, or dur-
ing the subsequent day, for those acquired by other members of the collaboration. This
rapid reduction allowed the observing schedule to be changed on-the-fly in order to
maximise the usefulness of the data acquired, for example by focussing on variable
targets, completing their lightcurves, and moving on from definite non-variables re-
placing them in the schedule with other targets. Periodicities (and all associated fits
and errors) were determined by the author using period (Dhillon et al. 2001), as de-
scribed in section 2.3.6.
6.3 Results and analysis
In this section, I will discuss, for each object in the sample, the morphological fea-
tures which motivated its inclusion, the observations and, for objects with a complete
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dataset, the analysis and results.
6.3.1 Te 11
Table 6.3: A table of the photometric observations of Te 11.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 26 MEROPE Cousins I 7 200 2–1.5 1.2–1.3
2009 Aug 27 MEROPE Cousins I 3 200 1.8 2.0
2009 Aug 28 MEROPE Cousins I 9 200 2–1.5 1.5–2.2
2009 Aug 31 MEROPE Cousins I 20 200 2.3–1.5 1.2–1.6
2009 Sep 1 MEROPE Cousins I 10 200 2–1.5 1.3–1.8
2009 Sep 2 MEROPE Cousins I 14 200 2.2–1.5 1.4–1.8
2009 Sep 3 MEROPE Cousins I 22 200 2.4–1.5 1.3–1.6
Te 11 (α = 05h45m58.2s, δ = +02◦21′06”, J2000) was discovered by a group of
(mostly) amateur astronomers known as the Deepskyhunters (Kronberger et al. 2006;
Jacoby et al. 2010) by examining digital sky survey images, with further spectroscopic
observations indicating that it is likely to be a low-excitation planetary nebula. It is,
however, possible that Te 11 is not a PN at all, but rather some other form of astrophysi-
cal nebulosity, a hypothesis possibly supported by the very low expansion velocity (less
than the instrumental resolution of ∼11 km s−1 in MES-SPM Hα and [Oiii]5007 Å PV
arrays acquired by the author, but not presented here). Currently, there is insufficient
data to provide an accurate classification for Te 11 (see Frew & Parker 2010 for further
details about PN classification and mimics).
Te 11 was speculatively included in our observations due to its highly unusual mor-
phology (see figure 6.2), which Jacoby et al. (2010) suggest could be partly as a result
of interaction with the local ISM. As Te 11 does not display any of the morphological
features listed earlier, nor it is a definite PN, it will be excluded when considering the
success of the survey. However, it is worth noting that, in the morphological investi-
gation of Miszalski et al. (2009b), 17% of the PNe known to contain a bCSPN display
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“irregular” morphologies, possibly indicating that irregular PNe (such as Te 11) could
form from a binary interaction (Soker & Hadar 2002).
Figure 6.2: Hα (left) and [Oiii]5007 Å (right) images of Te 11 (reproduced from Jacoby
2009). North is up, East is to the left. Each image measures roughly 1’×1’.
The photometric observations of the central star of Te 11 are summarised in table
6.3. The data were reduced by the author as detailed in section 2.3. The low-levels
of nebular emission from Te 11 in the Cousins I-band meant it was possible to use
a photometric aperture tailored to the seeing of each frame (as described in section
2.3). The suitability of the tailored aperture is confirmed by the lack of correlation
between seeing and differential magnitude, shown in figure 6.3 (see section 2.3.5 for
more details). An example observation, with the CSPN of Te 11 and the two chosen
comparison stars marked, is shown in figure 6.4.
The Lomb-Scargle periodogram of the observations, shown in Figure 6.5, peaks
at a frequency of 17.53 days−1 corresponding to a period of 0.0570 days, with similar
power peaks occurring at 16.52 days−1 (0.0605 days) and 18.53 days−1 (0.0540 days).
The data are shown folded on periods of 0.0570 days and 0.0605 days in Figure 6.6iii
It is clear that neither is the correct period, and the appearance of two apparent minima
at phase Φ = 0 indicates that the period is likely to be double those tried (as the two
iiiThe data were also folded on a period of 0.054 days (not shown here).
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Figure 6.3: A plot of seeing versus differential magnitude for the central star of Te 11
clearly showing no correlation, indicating that nebular contamination is not the origin
of any periodic variability detected (see section 2.3.5 for further explanation).
minima correspond to inferior and superior conjunctions).
Folding the data on periods double those appearing in the Lomb-Scargle peri-
odogram reveals that the correct period is actually P = 2 × 0.0605 = 0.1210 days
as shown in figure 6.7(a). In order to confirm that this detected variability is from
Te 11 and not the choice of comparison star, the comparison star’s variation in differ-
ential magnitude (with respect to a second comparison star) is plotted in figure 6.7(b).
As described in section 2.3, if the photometric variability seen in figure 6.7(a) were due
to the choice of comparison star a similar variability would be found in figure 6.7(b).
The overall shape of the lightcurve of Te 11 can be explained as the superposition of
an ellipsoidally modulated signature (roughly sinusoidal with two minima per period)
and an eclipsing signature (indicated by the sharp, deep minimum at phase Φ = 0).
Ellipsoidal modulation occurs when one or both stars in the binary are gravitationally
distorted, filling their Roche lobes, thus presenting the observer with a varying surface
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area depending on orbital phase, and therefore a variable brightness. An example
geometry of an ellipsoidally modulated binary, where both stars are Roche lobe filling,
is shown in figure 6.8.
The eclipse of the primary, at phase Φ = 0, is much deeper than that of the sec-
ondary, at phase Φ = 0.5, indicating that it is the more luminous component of the
system. If the system comprises two stars of very different sizes (Rsecondary ≫ Rprimary),
then the difference in eclipse depth could occur even with similar luminosity compo-
nents, as the eclipse of the primary by the secondary could be total, while the sec-
ondary is only partially eclipsed by the primary. This would, however, result in flat
eclipse profiles which are not observed in Te 11.
The relatively high amplitude of the sinusoidal profile, attributed to ellipsoidal vari-
ability of the secondary, indicates that the secondary is at least very close to filling its
Roche lobe (Desmet et al. 2010). There is tentative support for the secondary over-
flowing its Roche lobe, with matter being accreted onto the primary, from the observed
difference in brightness between the peaks at phases Φ ∼ 0.25 and Φ ∼ 0.75. This
brightness enhancement at phase Φ ∼ 0.75 can be interpreted as being due to the vis-
ibility of the point at which material, lost from the secondary, meets an accretion disk
around the primary, similar to the superhump phenomenon observed in SU Uma stars
(Hirose & Osaki 1990; this phase is also the typical phase for this feature to be visible).
This hypothesis can also account for the increased scatter of points in this region of the
lightcurve, either due to accretion flickering or the shift in phase, over time, of the ‘su-
perhump’ with relation to the orbital phase (Patterson et al. 2000). No other bCSPNe
display a comparable variability (similar shaped lightcurves or features), possibly sup-
porting the hypothesis that Te 11 is not a PN.
The ephemeris of minimum brightness of the central star of Te 11, occurring at
phase Φ = 0 as the primary is eclipsed by the secondary, is determined as
Min I = HJD 2455078.2242(0.0009)+ 0.1210(0.0006) × E, (6.1)
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Figure 6.4: An example observation of Te 11 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. Note that the right ascension and
Declination axes are those from the raw MEROPE image, which are based on the pixel
scale and requested pointing. A cluster of bad pixels shows up as a white patch to the
upper right of the frame.
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Figure 6.5: Lomb-Scargle periodogram of Te 11, showing several peaks at similar
power (see text).
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Figure 6.6: I-band lightcurves of Te 11 folded on a period of (a) 0.0570 days and (b)
0.0605 days.
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Figure 6.7: Folded I-band lightcurves of (a) Te 11 and (b) the comparison star. Note
that the y-axis scales are the same, but that the zero in panel (a), set by the median
instrumental magnitude of the CSPN of Te 11, is offset so as to include the full eclipse
depth on the plot.
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Figure 6.8: Example geometry of an eclipsing (i = 90◦) ellipsoidally modulated
binary at (a) phase of zero (eclipse) and (b) phase 0.25, produced using nightfall
(http://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html).
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where E is an integer number of complete cycles or orbits. Here, the uncertainties are
determined by the FWHM of the peak of the Lomb-Scargle periodogram (as derived
from period), for all other CSPN in this chapter the uncertainties are calculated from
the error on the sine fit applied to each lightcurve (as described in section 2.3.6).
6.3.2 NGC 6326
NGC 6326 (α = 17h20m46.3s, δ = −51◦45′15”, J2000) was selected due to its highly
filamentary nature (see Figure 6.9). Spectroscopic observations of the central star of
NGC 6326 are reported to indicate the presence of a composite spectrumiv (Miszalski,
private communication).
Figure 6.9: A colour composite image of NGC 6326 where R:G:B is
log[Nii]:log[Oiii]:linear V HST/WFPC/PC1, credit: Haijan et al. (unpublished). North
is up, East to the left. The image measures roughly 30”×25”
The photometric observations of the central star of NGC 6326 are summarised in
table 6.4. The data were reduced by the author as detailed in section 2.3. Due to the
bright nebular continuum present in the Stromgren Y-band, it was necessary to use a
fixed aperture of radius 4.5” (equal to roughly 1.5× the poorest seeing during the obser-
vations). Further information on the benefits and drawbacks of using a fixed aperture
can be found in section 2.3.5 (along with the seeing correlation plots for NGC 6326
ivAs NGC 6326 was already a reported spectroscopic binary, it will be omitted from consideration in
section 6.4, when I assess the success of the survey.
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using both fixed and tailored apertures, figure 2.10), however the main effect of using
a fixed aperture is an increase in noise level. An example observation of NGC 6326 is
shown in figure 2.5.
Table 6.4: A table of the photometric observations of NGC 6326.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2010 Aug 11 SAAO CCD Stromgren Y 17 600 1.1 2.1–5.5
2010 Aug 13 SAAO CCD Stromgren Y 12 600 1.2 1.5–1.6
2010 Aug 16 SAAO CCD Stromgren Y 23 600 1.1–1.3 1.3–1.9
2010 Aug 16 SAAO CCD Stromgren Y 7 600 1.3–1.5 1.5–2.4
2010 Aug 17 SAAO CCD Stromgren Y 22 600 1.1–1.3 1.3–1.7
2010 Aug 17 SAAO CCD Stromgren Y 6 600 1.4–1.5 1.8–3.1
The Lomb-Scargle periodogram of the observations, shown in Figure 6.10, peaks at
a frequency of 2.70 days−1 corresponding to an orbital period of 0.37 days. The folded
lightcurve and sine fit to the lightcurve are shown in Figure 6.11(a). As in Section
6.3.1, the comparison star variability is plotted in Figure 6.11(b). Note that other peri-
odicities, corresponding to peaks of similar power in the Lomb-Scargle periodogram,
were also tested (as described in section 2.3.6). This same treatment was performed
for all photometric variables in this chapter, but will not be discussed further (as in
each case the main peak of the periodogram was found to be the photometric period).
The sine fit to the folded lightcurve (figure 6.11(a)) has a reduced χ2 of 7.54, with
an amplitude of 0.077 ± 0.001 magnitudes and a period of 0.370 ± 0.004 days. The
high χ2 indicates that the fit is far from satisfactory (a good fit is expect to have a
reduced χ2∼1), and therefore that the variability may include a non-sinusoidal com-
ponent. However, the spectroscopic observations of Miszalski (previously mentioned)
reportedly offer evidence for an irradiated binary, whereby the hot WD CSPN irradiates
the facing hemisphere of a cooler companion, enhancing the brightness of that region.
It is the variation of the projection of this region with orbital phase which results in
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Figure 6.10: Lomb-Scargle periodogram of NGC 6326, peaking at a frequency of 2.70
days−1 corresponding to a period of 0.37 days.
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Figure 6.11: Folded I-band lightcurves of (a) NGC 6326 and (b) the comparison star.
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an observable photometric variability, reaching maximum at phase 0.5 at inferior con-
junction of the hot star, where the heated face of the cooler star is directly observable,
and a minimum at phase 1 (superior conjunction of the WD), when opposing face is di-
rectly observable. This type of binary typically presents a sinusoidal lightcurve, which
is at odds with the apparent non-sinusoidal variability observed in the central star of
NGC 6326. This apparent discrepancy may be as a result of nebular contamination,
which may act to contribute a further component to the variability dependent on the
seeing of each observation, however the level of this variability must be much lower
than the intrinsic variability of the central star as there is no discernible correlation
between observed differential magnitude and seeing (see section 2.3.5).
Based on the hypothesis that the variability results from an irradiation effect, the
ephemeris of minimum brightness (inferior conjunction of the cold component,Φ = 0)
of the central star of NGC 6326 is
Min Y = HJD 2455420.284(0.050) + 0.370(0.004) × E. (6.2)
6.3.3 Hen 2-428
Hen 2-428 (α = 19h13m05.2s, δ = +15◦46′40”, J2000) was initially selected based on
its bipolar morphology and the presence of an equatorial ring (see Figure 6.12). Ad-
ditionally, Rodrı´guez et al. (2001) presented a spectrum of the CSPN (shown in figure
6.13), claiming that, when corrected for reddening, the spectrum could be reproduced
by an O5 star with an additional continuum component. This additional component
could be due to a late-type component or arise in the line-emitting gas of the neb-
ular core (Rodrı´guez et al. 2001). As the findings of Rodrı´guez et al. (2001) were
considered tentative evidence for a bCSPN, and therefore presented further motivation
for photometric monitoring, Hen 2-428 will be omitted from consideration in section
6.4, when I assess the success of the survey in detecting new bCSPNe (just as for
NGC 6326, section 6.3.2).
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The photometric observations of the central star of Hen 2-428 are summarised
in table 6.5v. The data were reduced by the author as detailed in section 2.3. As
the nebular contamination was minimal in the Cousins I-band, a photometric aperture
tailored to the seeing of each observation was used (as described in section 2.3. The
lack of correlation between seeing and differential magnitude, shown in figure 6.14,
demonstrates that nebular contamination is not a problem in this case (see section 2.3.5
for more details). An example observation, with the CSPN of Hen 2-428 and the two
chosen comparison stars marked, is shown in figure 6.15.
Figure 6.12: A colour composite image of Hen 2-428 reproduced from Manchado et al.
(1996), here R:G:B is log[Nii]:log(Hα):log[Oiii]. North is up, East is left and the image
measures 60”×60”.
vMany more observations were performed on 2009 September 2 than on any other night. By this
date, the on-the-fly analysis had indicated a very short photometric period, and it was decided that a
series of contiguous observations covering more than one period would be particularly useful in con-
straining the exact nature of the variability.
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Figure 6.13: A spectrum of the core of Hen 2-428, reproduced from Rodrı´guez et al.
(2001).
Table 6.5: A table of the photometric observations of Hen 2-428.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 25 MEROPE Cousins I 13 200 1.0 0.9–1.2
2009 Aug 25 MEROPE Cousins I 12 200 1.2 1.1–1.4
2009 Aug 28 MEROPE Cousins I 10 200 1.0 0.9–1.1
2009 Aug 28 MEROPE Cousins I 6 200 1.2 1.2
2009 Sep 2 MEROPE Cousins I 140 100 1.0–1.3 0.9–1.4
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Figure 6.14: A plot of seeing versus differential magnitude for the central star of Hen 2-
428 clearly showing no correlation, indicating that nebular contamination is not the
origin of any periodic variability detected (see section 2.3.5 for further explanation).
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Figure 6.15: An example observation of Hen 2-428 with the CSPN (1), first compari-
son star (2) and second comparison star (3) marked. A cluster of bad pixels shows up
as a white patch to the upper right of the frame.
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The Lomb-Scargle periodogram of the observations, shown in Figure 6.16, peaks
at a frequency of 11.38 days−1 corresponding to an orbital period of 0.088 days. The
folded lightcurve and sine fit to the lightcurve are shown in Figure 6.17(a). A plot of
the variability of the comparison star with respect to a second comparison star is shown
in figure 6.17(b), confirming the non-variable nature of the comparison star.
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Figure 6.16: Lomb-Scargle periodogram of Hen 2-428, peaking at a frequency of 11.38
days−1 corresponding to an orbital period of 0.088 days.
The sine fit to the folded lightcurve has a reduced χ2 of 5.60 (as for NGC 6326,
indicating that the variability may not be completely sinusoidal), with an amplitude
of 0.171 ± 0.001 magnitudes and a period of 0.0879 ± 0.0002 days. The fit to the
lightcurve fails to replicate the lightcurve, particularly during decline, indicating that
the maxima and minima are not of equal width - a signature typical of ellipsoidal
modulation (commonly seen in double degenerate nuclei; Hillwig et al. 2010).
Spectroscopic monitoring by Santander-Garcı´a et al. (2010a) showed the presence
of two He ii 4686 Å absorption features, indicating that Hen 2-428 does in fact host
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Figure 6.17: I-band lightcurves, folded on a period of 0.088 days, of the variability in
magnitude of (a) the central star of Hen 2-428 with respect to a comparison star and
(b) the comparison star with respect to a second comparison star.
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a double-degenerate CSPN comprised of two WDs. The radial velocity variations of
these spectra also indicate that the period is double the period determined from the
peak of the Lomb-Scargle periodogram, consistent with ellipsoidal modulation. The
resulting lightcurve, folded on the longer period of 0.176 days (double the Lomb-
Scargle peak), is shown in figure 6.18, and clearly shows the different depths of the
two minima at phase 0 and 0.5, respectively. This confirms that 0.176 days is the cor-
rect photometric period. This type of photometric variation is typical of these double
degenerate systems (Bruch et al. 2001; Hillwig et al. 2010), and arises from ellipsoidal
modulation of the system (as described in section 6.3.2).
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Figure 6.18: The final lightcurve of the CSPN of Hen 2-428 folded on a period of
0.1757 days.
The different depths of the two lightcurve minima indicate the presence of two
slightly different luminosity stars (partially) eclipsing each other. There is possible
evidence for a total eclipse at phase Φ = 0.5, from the apparently flat eclipse profile,
however the temporal resolution of the observations is insufficient to confirm this hy-
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pothesis. The different minima could also be produced by an elliptical orbit, but this
would result in a more asymmetric rise and fall in brightness (Hillwig et al. 2010).
Also, given the extremely short period it is likely that the orbit would have been circu-
larised. The ephemeris of the deeper eclipse is determined to be
Min I = HJD 2455069.9283(0.0009)+ 0.1757(0.0002) × E. (6.3)
6.3.4 ETHOS 1
ETHOS 1 (α = 19h16m31.5s, δ = +36◦09′48”, J2000), discovered as part of the
Extremely Turquoise Halo Object Survey (Miszalski et al. 2011b), was selected for its
spectacular jet-like structures (see Figure 4.1). Further discussion of the morphology
of ETHOS 1 can be found in chapter 4.
The photometric observations of the central star of ETHOS 1 are summarised in
table 6.6. The data were reduced by the author as detailed in section 2.3. As nebular
contamination was minimal in the Cousins I-band, it was possible to use a photometric
aperture tailored to the seeing of each observation (as described in section 2.3). The
lack of correlation between seeing and differential magnitude, shown in figure 6.19,
demonstrates that nebular contamination is not a problem in this case (see section
2.3.5 for more details). An example observation of ETHOS 1, with the CSPN and two
comparison stars marked, is shown in figure 6.20
Table 6.6: A table of the photometric observations of ETHOS 1.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 25 MEROPE Cousins I 7 300 1.1 1.4–1.8
2009 Aug 28 MEROPE Cousins I 7 300 1.0 1.1–1.7
2009 Aug 28 MEROPE Cousins I 6 300 1.2–1.3 2.1–2.8
2009 Aug 31 MEROPE Cousins I 14 300 1.1–1.0 1.0–1.8
2009 Aug 31 MEROPE Cousins I 10 300 1.2–1.3 3.5–4.3
2009 Sep 1 MEROPE Cousins I 9 300 1.1–1.0 1.3–1.5
2009 Sep 1 MEROPE Cousins I 12 300 1.2–1.4 2.3–2.9
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Figure 6.19: A plot of seeing versus differential magnitude for the central star of
ETHOS 1 clearly showing no correlation, indicating that nebular contamination is not
the origin of any periodic variability detected (see section 2.3.5 for further explana-
tion).
The Lomb-Scargle periodogram of the observations, shown in Figure 6.21, peaks
at a frequency of 1.87 days−1 corresponding to an orbital period of 0.535 days. The
folded lightcurve and sine fit to the lightcurve are shown in Figure 6.22(a). As in
Section 6.3.1, the comparison star variability is plotted in Figure 6.22(b). A dramatic
increase in the errors can be seen around phase Φ = 0, this is in part due to the reduced
signal to noise (resulting from the decrease in CSPN brightness) but also to a deteri-
oration in observing/weather conditions during these observations (the second ‘block’
of observations taken on 2009 August 31, see table 6.6).
The sine fit to the folded lightcurve has a reduced χ2 of 1.18, with an amplitude of
0.760 ± 0.004 magnitudes and a period of 0.535 ± 0.008 days. The quality of the fit
(reduced χ2∼1) indicates that variability is sinusoidal and therefore likely to be due to
the irradiation of the cool secondary by the hot primary (as discussed in Section 6.3.2).
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Figure 6.20: An example observation of ETHOS 1 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. Note that the right ascension and
Declination axes are those from the raw MEROPE image, which are based on the pixel
scale and requested pointing. A cluster of bad pixels shows up as a white patch to the
upper right of the frame.
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Figure 6.21: Lomb-Scargle periodogram of ETHOS 1, peaking at a frequency of 1.87
days−1 corresponding to an orbital period of 0.535 days.
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Figure 6.22: Folded I-band lightcurves of (a) ETHOS 1 and (b) the comparison star.
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The ephemeris of minimum brightness of the central star of ETHOS 1 is determined
as
Min I = HJD 2455076.0628(0.0940) + 0.5347(0.0081) × E. (6.4)
6.3.5 NGC 6778
NGC 6778 (α = 19h18m24.9s, δ = −01◦35′47”, J2000) was selected for the sample
because of the highly filamentary nature of its inner regions and its two pairs of op-
posing knots appearing outside the main body of the nebula, considered to be jet-like
structures (see Figure 6.23).
Figure 6.23: A colour composite image of NGC 6778 reproduced from Miranda et al.
(2010), here R:G:B is [Nii]:Hα:[Oiii]. North is up, East to the left.
The photometric observations of the central star of NGC 6778 are summarised in
table 6.7. The data were reduced by the author as detailed in section 2.3. Just as for
NGC 6326, a fixed photometric aperture was used in order to negate the contribution
of nebular contamination to the detected variability. The aperture used was of radius
3” (roughly 1.5× the poorest seeing of the observations). The suitability of this fixed
aperture approach is confirmed by the lack of correlation between seeing and differen-
tial magnitude, shown in figure 6.24 (see section 2.3.5 for more details). An example
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observation of NGC 6778, with the CSPN and two comparison stars marked, is shown
in figure 6.25.
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Figure 6.24: A plot of seeing versus differential magnitude for the central star of
NGC 6778 clearly showing no correlation, indicating that nebular contamination is
not the origin of any periodic variability detected (see section 2.3.5 for further expla-
nation).
Table 6.7: A table of the photometric observations of NGC 6778.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2010 Jun 8 MEROPE Geneva G 7 360 1.6–1.4 1.6–1.7
2010 Jun 8 MEROPE Geneva G 7 360 1.3–1.2 1.6–1.7
2010 Jun 9 MEROPE Geneva G 7 360 1.4–1.3 1.8–1.9
2010 Jun 10 MEROPE Geneva G 5 360 1.4–1.3 1.4–1.6
2010 Jun 14 MEROPE Geneva G 15 360 1.2 1.3–1.7
2010 Jun 14 MEROPE Geneva G 12 360 1.3–1.4 1.5–1.6
2010 Jun 16 MEROPE Geneva G 20 360 1.3–1.1 1.5–1.9
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Figure 6.25: An example observation of NGC6778 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. Note that the background nebula
emission is still clearly visible around the CSPN, as commented on in the text.
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Figure 6.26: Lomb-Scargle periodogram of NGC6778, peaking at a frequency of 6.49
days−1 corresponding to a period of 0.15 days.
228 The Influence of bCS on the Morphologies of PNe
6.3: RESULTS AND ANALYSIS
-0.1
-0.05
 0
 0.05
 0.1
-1 -0.5  0  0.5  1
∆G
 (M
ag
nit
ud
es
)
Phase
∆G
 (M
ag
nit
ud
es
)
(a)
-0.1
-0.05
 0
 0.05
 0.1
-1 -0.5  0  0.5  1
∆G
 (M
ag
nit
ud
es
)
Phase
(b)
Figure 6.27: Folded I-band lightcurves of (a) NGC 6778 and (b) the comparison star.
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The Lomb-Scargle periodogram of the observations, shown in Figure 6.26, peaks
at a frequency of 6.49 days−1 corresponding to an orbital period of 0.154 days. The
folded lightcurve and sine fit to the lightcurve are shown in Figure 6.27(a)vi. As in
Section 6.3.1, the comparison star variability is plotted in Figure 6.27(b).
The sine fit to the folded lightcurve has a reduced χ2 of 3.00, with an amplitude
of 0.059 ± 0.001 magnitudes and a period of 0.1540 ± 0.0007 days. The fit matches
the curve well, except at phase Φ = 0 which is attributed to an eclipse of the primary
(contributing to the increased value of the reduced χ2). Further contribution to the
increased χ2 may also come from nebular contamination, just as in NGC 6326 (section
6.3.2). Therefore, it is concluded that the central star is likely to be an irradiated binary.
The ephemeris of eclipse is determined to be
Min G = HJD 2455357.8066(0.0012) + 0.1540(0.0007) × E. (6.5)
6.3.6 The Necklace
The Necklace (IPHASX J194359.5+170901; α = 19h43m59.5s, δ = +17◦09′01”,
J2000), discovered as part of the IPHAS survery (Drew et al. 2005; Sabin et al. 2010),
was an obvious candidate for our study due to the presence of a knotty equatorial ring
in addition to an extended bipolar structure highlighted by a pair of end-caps appearing
at either end of the symmetry axis (see Figure 6.28, Corradi et al. 2011).
The photometric observations of the central star of the Necklace are summarised
in table 6.8. The data were reduced by the author as detailed in section 2.3. As nebula
contamination was minimal in the Cousins I-band, it was possible to use a photometric
aperture tailored to the seeing of each observation (as described in section 2.3). The
lack of correlation between seeing and differential magnitude, shown in figure 6.29,
demonstrates that nebular contamination is not a problem in this case (see section
2.3.5 for more details). An example observation of the Necklace, with CSPN and two
viAs previously stated, other periods corresponding to peaks of similar power in the periodogram
were also tried, but are not shown here (as they were obviously incorrect).
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Figure 6.28: Narrowband emission line images of The Necklace reproduced from Cor-
radi et al. (2011). The field of view of each image is 70”×110”. North is up, East to
the left.
comparison stars marked, is shown in figure 6.30.
Table 6.8: A table of the photometric observations of the CSPN of the Necklace.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 25 MEROPE Cousins I 8 200 1.0–1.1 1.0–1.1
2009 Aug 25 MEROPE Cousins I 6 200 1.2–1.3 1.2–1.3
2009 Aug 28 MEROPE Cousins I 6 200 1.0–1.1 1.2–1.3
2009 Aug 28 MEROPE Cousins I 6 200 1.4–1.6 1.3–1.4
2009 Aug 31 MEROPE Cousins I 14 200 1.0 0.9–1.0
2009 Aug 31 MEROPE Cousins I 15 200 1.4–1.8 1.3–1.6
2009 Sep 1 MEROPE Cousins I 10 200 1.0 1.1–1.2
2009 Sep 1 MEROPE Cousins I 3 200 1.6 1.4–1.5
2009 Sep 2 MEROPE Cousins I 15 200 1.4–1.7 1.3–1.5
The Lomb-Scargle periodogram of the observations, shown in Figure 6.31, peaks
at a frequency of 0.86 days−1 corresponding to an orbital period of 1.16 days. The
folded lightcurve and a sine fit to the lightcurve are shown in Figure 6.32(a). The sine
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Figure 6.29: A plot of seeing versus differential magnitude for the central star of the
Necklace clearly showing no correlation, indicating that nebular contamination is not
the origin of any periodic variability detected (see section 2.3.5 for further explana-
tion).
fit to the folded lightcurve has a reduced χ2 of 1.42 (∼1 indicating a good fit), with an
amplitude of 0.73 ± 0.03 magnitudes and a period of 1.16 ± 0.03 days. As in Section
6.3.1, the comparison star variability is plotted in Figure 6.32(b).
Further data were then acquired, and reduced, by other members of the collabora-
tion using the 2.5-m INT and WFC, and the 0.8-m IAC80 and CAMELOT in order to
confirm and refine the suspected period (from 1.16±0.03 days to 1.1614±0.0001 days).
This analysis (not performed by the author) lead to a revised amplitude of 0.747±0.02
magnitudes (from 0.73±0.03 magnitudes), and was used to place the observations on
an absolute magnitude scale. The refined values of both the period and amplitude of
variability are consistent with those determined, by the author, using the initial Merca-
tor dataset. The errors on the determined values are greatly reduced by the inclusion of
the new data, due to their location on the phased lightcurve - sampling orbital phases
not covered by the earlier observations. The final folded lightcurve comprising data
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from all three telescopes is shown on an absolute scale in Figure 6.33(b).
The sinusoidal nature of the lightcurve of the central star of the Necklace, con-
firmed by the sine fit shown in Figure 6.33(b), is typical of an irradiated binary (as
described in section 6.3.2). This conclusion is also supported by spectroscopy of the
central star presented in Corradi et al. (2011), which shows that the stellar continuum
cannot be fit satisfactorily by a single black body over the observed spectral range.
The ephemeris of minimum brightness of the central star of the Necklace is deter-
mined, from the final lightcurve comprising all the acquired data, as
Min I = HJD 2455075.1973(0.0007) + 1.1614(0.0001) × E. (6.6)
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Figure 6.30: An example observation of Necklace with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. Note that the right ascension and
Declination axes are those from the raw MEROPE image, which are based on the pixel
scale and requested pointing. A cluster of bad pixels shows up as a white patch to the
upper right of the frame.
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Figure 6.31: Lomb-Scargle periodogram of the Necklace, peaking at a frequency of
0.86 days−1 corresponding to an orbital period of 1.16 days.
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Figure 6.32: Folded I-band lightcurves of (a) the Necklace and (b) the comparison star.
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Figure 6.33: The folded lightcurves of the CSPN of The Necklace, comprising (a) only
the previously shown Mercator data and (b) the Mercator data along with further data
acquired using the INT-WFC and IAC80-CAMELOT reproduced from Corradi et al.
(2011).
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6.3.7 Non-variable central stars
Of the sample of sixteen CSPNe (listed in table 6.1), four were found to be non-variable
at the sensitivity limits of the observations. Here, the selection criteria for each target
will be discussed, and the observations listed. The non-detection limits (the maximum
amplitude of variability possible without being detected by the observations) of each
target, taken as the median photometric error on the differential magnitude, are listed
in table 6.9. For each object, variability over periods ranging from a few hours to a few
days can be ruled out, as the shorter periods would expect to show variations between
individual observations and the longer periods would display variations between blocks
of observations or between observations on different nights. Periods longer than a
few days cannot be ruled out, in any case binaries with longer periods would not be
expected to show high levels of photometric variability.
Table 6.9: Non-detection limits for the PNe in the sample.
PNe Maximum amplitude of variabilty (Magnitudes)
Prı´ncipes de Asturias 0.07
A 47 0.05
K 3-36 0.07
PM 1-333 0.1
Prı´ncipes de Asturias
The Prı´ncipes de Asturias nebula (α = 01h25m07.9s, δ = +63◦56′52”, J2000) was dis-
covered as part of the IPHAS survey (Mampaso et al. 2006; Drew et al. 2005), and was
included in the sample because of its equatorial ring (see figure 6.34). The imagery
of Mampaso et al. (2006) also show the presence of two pairs of nebular lobes, which
they attribute to the action of a central binary system (through, for example, the pre-
cession of a warped accretion disc). Similarly, their photometric colour measurements
of the central star seem to indicate the presence of an irradiated companion (Mampaso
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et al. 2006). Therefore, the inclusion of The Prı´ncipes de Asturias nebula can be con-
sidered as a biased selection, as circumstantial evidence of binarity existed prior to the
observations.
The observations of the central star of The Prı´ncipes de Asturias nebula are tab-
ulated in table 6.10 and the lightcurve shown in figure 6.35. The data were reduced
by the author as described in section 2.3. Nebular contamination was minimal in the
Cousins I-band, meaning a photometric aperture tailored to the seeing of each frame
could be used (as described in section 2.3). An example observation of The Prı´ncipes
de Asturias nebula, with CSPN and comparison stars marked, is shown in figure 6.36.
Analysis of the data revealed no indications of periodic variability, therefore, based
on the median photometric error of the data, a detection limit of 0.07 magnitudes is
determined.
Figure 6.34: An Hα+[Nii] image of the Prı´ncipes de Asturias nebula reproduced from
Mampaso et al. (2006). North is up, East to the left. The image size is 2’×4’.
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Table 6.10: A table of the photometric observations of Prı´ncipes de Asturias.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 25 MEROPE Cousins I 7 360 1.2 2.3–2.8
2009 Aug 27 MEROPE Cousins I 5 360 1.7–1.6 2.8–3.1
2009 Aug 27 MEROPE Cousins I 6 360 1.2 2.5–2.8
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Figure 6.35: I-band lightcurve of the Prı´ncipes de Asturias nebula, showing no signs
of photometric variability.
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Figure 6.36: An example observation of The Prı´ncipes de Asturias nebula with the
CSPN (1), first comparison star (2) and second comparison star (3) marked. Note
that the right ascension and Declination axes are those from the raw MEROPE image,
which are based on the pixel scale and requested pointing. A cluster of bad pixels
shows up as a white patch to the upper right of the frame.
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A 47
A 47 (α = 18h35m22.6s, δ = −00◦13′51”, J2000) was discovered by Abell & Goldreich
(1966) on the plates of the Palomar Sky Survey, and is included in our sample because
of its obvious ring-like appearance (see figure 6.37). The observations of A 47 are
summarised in table 6.11 and the lightcurve shown in figure ??. All observations
were reduced by the author as described in section 2.3 As nebular contamination was
minimal in the Cousins I-band, the photometric aperture used was tailored to the seeing
of each observation (as outlined in section 2.3). An example observation of A 47, with
the CSPN and two comparisons marked, is shown in figure 6.39. The analysis revealed
no evidence of periodic variability, therefore, based on the median photometric error
of the data, a detection limit of 0.05 magnitudes is determined.
Figure 6.37: A colour composite image of A 47 reproduced from Schwarz et al. (1992),
here R:G:B is Hα+[Nii]:both:[Oiii]. North is up, East to the left. The image measures
roughly 70”×70”.
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Table 6.11: A table of the photometric observations of A 47.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2010 Jun 10 MEROPE Cousins I 7 300 1.2 2.0–2.5
2010 Jun 10 MEROPE Cousins I 6 300 1.4–1.6 3.2–4.3
2010 Jun 12 MEROPE Cousins I 11 300 1.3–1.6 3.4–4.2
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Figure 6.38: I-band lightcurve of A 47, showing no signs of photometric variability.
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Figure 6.39: An example observation of A 47 with the CSPN (1), first comparison star
(2) and second comparison star (3) marked.
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K 3-36
K 3-36 (α = 19h32m39.6s, δ = +07◦27′52”, J2000) was discovered by Kohoutek
(1965) as part of his planetary nebula survey performed using the Schmidt camera
of the Hamburg-Bergedorf Observatory. Further imaging performed by Manchado
et al. (1996) revealed the nebula to display a bipolar morphology, comprising a bright
central region with fainter extended bipolar structures protruding to the Northwest and
southeast (see figure 6.40). It is these bipolar outflows which motivated its inclusion
in our sample.
The observations of the central star of K 3-36 are summarised in table 6.12 and
the lightcurve shown in figure 6.41. The data were reduced by the author as described
in section 2.3. Nebular contamination was minimal in the Cousins I-band, meaning a
photometric aperture tailored to the seeing of each frame could be used (as described in
section 2.3). An example observation of K 3-36, with the CSPN and two comparison
stars marked, is shown in figure 6.42. Analysis of the data revealed no indications of
periodic variability, therefore, based on the median photometric error of the data, a
detection limit of 0.05 magnitudes is determined.
Figure 6.40: A colour composite image of K 3-36 reproduced from Manchado et al.
(1996), here R:G:B is [Nii]:Hα:[Oiii]. North is up, East to the left. The image measures
roughly 30”×30”.
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Table 6.12: A table of the photometric observations of K 3-36.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 26 MEROPE Cousins I 5 300 1.1 2.0–2.2
2009 Aug 26 MEROPE Cousins I 7 300 1.3–1.5 2.7–3.2
2009 Aug 29 MEROPE Cousins I 4 300 1.2 2.5
2009 Aug 29 MEROPE Cousins I 6 300 1.1 3.1–4.3
2009 Aug 29 MEROPE Cousins I 6 300 1.4–1.6 3.5–4.2
2009 Aug 30 MEROPE Cousins I 4 300 1.1 2.7–3.2
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Figure 6.41: I-band lightcurve of K 3-36, showing no signs of photometric variability.
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Figure 6.42: An example observation of K 3-36 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. Note that the right ascension and
Declination axes are those from the raw MEROPE image, which are based on the pixel
scale and requested pointing. A cluster of bad pixels shows up as a white patch to the
upper right of the frame.
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PM 1-333
PM 1-333 (α = 21h40m59.1s, δ = +58◦58′37”, J2000) was identified as a possible
planetary nebula by Preite-Martinez (1988) based on the IRAS colours of the nebula.
This identification was confirmed spectroscopically by Miranda et al. (2009), who also
obtained deep narrowband imagery of PM 1-333 revealing the presence of strongly
collimated bipolar outflows (see figure 6.43). These outflows manifest most clearly in
the [Nii]6584 Å image, shown in figure 6.43, appearing as points of emission to the
East and West of the central nebula. It was these bipolar outflows which motivated the
inclusion of PM 1-333 in our sample.
The observations of the central star of PM 1-333 are summarised in table 6.13 and
the lightcurve shown in figure 6.44. The data were reduced by the author as described
in section 2.3. Nebular contamination was minimal in the Cousins I-band, meaning a
photometric aperture tailored to the seeing of each frame could be used (as described
in section 2.3). An example observation of PM 1-333, with the CSPN and two compar-
ison stars marked, is shown in figure 6.45. Analysis of the data revealed no indications
of periodic variability, therefore, based on the median photometric error of the data, a
detection limit of 0.1 magnitudes is determinedvii.
viiNote that the detection limit for the central star of PM 1-333 is greater than for the other non-
detections as it has the faintest central star of the four PNe, resulting in a greater median photometric
error.
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Figure 6.43: Images of PM 1-333 in the light of Hα, [Nii]6584 Å and [Oiii]5007 Å, as
well as in R-band, reproduced from Miranda et al. (2009).
Table 6.13: A table of the photometric observations of PM 1-333.
Date Instrument Filter Number of Exposure Airmass Seeing
exposures time (s) (Arcsec)
2009 Aug 27 MEROPE Cousins I 7 360 1.4–1.3 2.4–3.1
2009 Aug 27 MEROPE Cousins I 6 360 1.2 2.3–2.4
2009 Aug 27 MEROPE Cousins I 10 360 1.4–1.7 2.5–3.3
2009 Aug 28 MEROPE Cousins I 6 360 1.2 3.5–4.0
2009 Aug 31 MEROPE Cousins I 5 360 1.4–1.3 3.0–3.3
2009 Aug 31 MEROPE Cousins I 5 360 1.2 2.5–2.6
2009 Sep 1 MEROPE Cousins I 5 360 1.4–1.3 3.4–3.7
2009 Sep 1 MEROPE Cousins I 4 360 1.2–1.3 3.4–4.0
2009 Sep 2 MEROPE Cousins I 15 360 1.2–1.4 2.5–3.8
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Figure 6.44: I-band lightcurve of PM 1-333, showing no signs of photometric variabil-
ity.
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Figure 6.45: An example observation of PM 1-333 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. Note that the right ascension and
Declination axes are those from the raw MEROPE image, which are based on the pixel
scale and requested pointing. A cluster of bad pixels shows up as a white patch to the
upper right of the frame.
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6.3.8 Central stars contaminated by nebular emission
Analysis of three CSPNe of the sample of sixteen had to be abandoned due to the influ-
ence of nebular contamination in their photometric measurements. Here, the selection
criteria for each target, as well a brief description of the observations (and observing
conditions), will be discussed.
M 1-16
M 1-16 (α = 07h37m18.9s, δ = −09◦38′48”, J2000) was included in the sample be-
cause of its highly collimated polar outflows, as shown in figure 6.46. It is also clear,
from figure 6.46, that the central region of M 1-16 (measuring roughly 10” in diame-
ter) is much brighter than the extended bipolar nebula. It is this central region, which
persists even in the I-band filter used for the observations, which causes the nebular
contamination of the photometry of the central star of M 1-16.
M 1-16 was observed in several 240-s I-band exposures using the SAAO CCD on
the 1.9-m Radcliffe Telescope. The observations were acquired between 2010 April 1–
3, and the seeing varied between 1.2” and 3”. However, the central region of the nebula
was so bright that no central star source could be resolved within its emission. Obser-
vations of the central star of M 1-16 were, therefore, abandoned due to contamination
by the nebular emission. An example observation of M 1-16, with the contaminated
CSPN and two comparison stars marked, is shown in figure 6.47.
Fg 1
Fg 1 (α = 11h28m36.2s, δ = −52◦56′05”, J2000) was included in the sample because
of its spectacular jet-like structures (see figure 6.48), additionally high resolution, spa-
tially resolved spectroscopy reveal the presence of a toroidal structure encircling the
waist of the nebula (Palmer et al. 1996, another morphological feature used as a se-
lection criterion in this investigation). It is important to note that spectroscopic obser-
vations of the central star of Fg 1 are reported to indicate the presence of a composite
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Figure 6.46: An image of M 1-16 in the light of Hα, with three possible polar outflows
marked A–C (reproduced from Huggins et al. 200).
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Figure 6.47: An example observation of M 1-16 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. The nebular contamination is evident
in the unusual shape of the central emission.
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spectrum (Miszalski, private communication), and was therefore a biased inclusion
(just as for the photometric variable NGC 6326, section 6.3.2).
Fg 1 was observed in several 180-s I-band exposures using the SAAO CCD on the
1.9-m Radcliffe Telescope. The observations were acquired between 2010 April 1–3,
and the seeing varied between 1.3” and 3.6”. However, even in the I-band filter, the
central region of the nebula was so bright that it made a significant contribution to the
aperture counts measured for the central star of Fg 1. Multiple analyses using fixed
apertures of different diameters were attempted, but the irregular nature of the centre
of the nebula along with the influence of variable seeing, meant that no meaningful
time-resolved measurements of the brightness of the central star could be made. This
is borne out by the correlation between seeing and instrumental magnitude shown in
figure 6.49 (see section 2.3.5 for further discussion). Photometric observations of the
central star of Fg 1 were, therefore, abandoned due to contamination by the nebular
emission. An example observation of Fg 1, with the contaminated CSPN and two
comparison stars marked, is shown in figure 6.50.
IC 5217
IC 5217 (α = 22h23m55.7s, δ = +50◦58′01”, J2000) was included in the sample
because of its extended jet-like structures, appearing as “knots” in the Hα image of
Miranda et al. (2006, shown in figure 6.51). Just as for Fg 1 (figure 6.48), the central
region of IC 5217 has been found to comprise an equatorial ring (further motivating its
inclusion in the sample).
IC 5217 was observed in several 100-s Cousins I-band exposures, and furthermore
in several 120-s Geneva G-band exposures, using MEROPE on the 1.2-m Mercator
telescope. The observations were acquired between 2009 August 24–27, and the see-
ing varied between 1.0” and 2.5”. However, in both filters, the central region of the
nebula was so bright that no central star source could be resolved within its emission.
Observations of the central star of IC 5217 were, therefore, abandoned due to con-
tamination by the nebular emission. An example observation of IC 5217, with the
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Figure 6.48: A contour map of Fg 1 in the light of Hα and [Nii], with the polar outflows
marked A–C and A′–C′ (reproduced from Lo´pez et al. 1993).
contaminated CSPN and proposed comparison stars marked, is shown in figure 6.52.
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Figure 6.49: A plot of the correlation between seeing and instrumental magnitude for
the CSPN of Fg 1. This photometry was extracted using a fixed aperture of 4.5” radius
for all frames, but the same trend was found for a selection of aperture sizes as well as
for apertures matched to the seeing of each frame (as described in section 2.3).
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Figure 6.50: An example observation of Fg 1 with the CSPN (1), first comparison star
(2) and second comparison star (3) marked. The bright and irregular nebula, which
contaminated the photometry of the CSPN of Fg 1, is clearly evident.
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Figure 6.51: A contour plot of the Hα emission from IC 5217, with an hourglass shape
overimposed to indicate the suggested bipolar nature (reproduced from Miranda et al.
2006). The central ring is apparent, along with polar outflow appearing as “knots” at
relative right ascensions of −40” and 40” (note that the artefacts, appearing as vertical
and horizontal lines of emission in the image, are diffraction spikes).
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Figure 6.52: An example observation of IC 5217 with the CSPN (1), first comparison
star (2) and second comparison star (3) marked. The nebular contamination is evident
in unusual shape of the central emission region (in this image the beginnings of the
polar outflows can be seen to the North and South of the central region). Note that the
right ascension and Declination axes are those from the raw MEROPE image, which
are based on the pixel scale and requested pointing. A cluster of bad pixels shows up
as a white patch to the upper right of the frame.
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6.3.9 Incomplete datasets
Of the sample of sixteen CSPNe (listed in table 6.1), three require further observations
before any conclusions can be drawn. These incomplete datasets each contain less than
three ‘blocks’ of contiguous observations with insufficient temporal coverage for any
variability/periodicity to be determined. Here, the selection criteria for each target will
be discussed, but the details of the observations will be omitted as they are currently
not useful in determining the binary/non-binary nature of the targets.
Hen 2-39
Hen 2-39 (α = 10h03m49.2s, δ = −60◦43′48.3”, J2000) displays an apparent ring-like
structure (see figure 6.53), which motivated its inclusion in the sample. Observations
were performed in the I-band using the SAAO CCD on the 1.9-m Radcliffe Telescope,
however, as yet, insufficient observations have been acquired to assess the central star
of Hen 2-39 for evidence of periodic variability.
Figure 6.53: An Hα image of Hen 2-39, reproduced from Go´rny et al. (1999). North
is up, East is to the left. The image measures roughly 90”×90”.
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Hen 2-107
Hen 2-107 (α = 14h18m43.3s, δ = −63◦07′10”, J2000) was included in the sample
because of its apparent ring-like morphology (see figure 6.54). Observations were
performed in the I-band using the SAAO CCD on the 1.9-m Radcliffe Telescope, how-
ever, as yet, insufficient observations have been acquired to assess the central star of
Hen 2-107 for evidence of periodic variability.
Figure 6.54: A colour composite image of Hen 2-107 reproduced from Schwarz et al.
(1992), here R:G:B is Hα+[Nii]:both:[Oiii]. North is to the left, East is down. The
image measures roughly 2.5’×2.5’.
NGC 7354
NGC 7354 (α = 22h40m19.8s, δ = +61◦17′09”, J2000) was selected because of
its highly filamentary structure (see figure 6.55, with filaments protruding the East
and West of the central nebula as well as appearing within the central circular region
(though these may be projection effects from a highly inclined bipolar shell). Obser-
vations were performed in the Geneva G-band using MEROPE on the 1.2-m Mercator
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telescope, however, as yet, insufficient observations have been acquired to assess the
central star of NGC 7354 for evidence of periodic variability.
Figure 6.55: An image of NGC 7354 in the light of Hα+[Nii], reproduced from Corradi
et al. (2003). North is to the left, East is down. The image measures roughly 70”×70”.
6.4 Conclusions
Of the sixteen central stars making up the sample in table 6.1, three were unsuitable
for photometric analysis due to high levels of nebular contamination (M 1-16, Fg 1
& IC 5217), and a further three have insufficient data for a conclusive detection of
photometric variability (Hen 2-39, Hen 2-107 & NGC 7354). This leaves a sample of
ten CSPNe with complete datasets, however of those three were previously suspected
to be binaries (NGC 6326, Hen 2-428 & Prı´ncipes de Asturias) and a fourth is not a
confirmed PN (Te 11). Therefore, in judging the success rate of finding bCSPN when
using the morphological features identified by Miszalski et al. (2009b) as selection
criteria, only six objects remain (ETHOS 1, NGC 6778, the Necklace, A 47, K 3-36 &
PM 1-333). Of these six targets, three are found to be photometrically variable binaries
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- a success rate of 50%.
Unbiased surveys estimate the binary fraction of all CSPNe to be ∼15% (10–15%
Bond 2000; 12–21% Miszalski et al. 2009a). If there is no correlation between the
morphological features used to construct the sample here and central star binarity, then
a similar fraction would be expected from this investigation. Instead, the success rate is
found to be ∼50%, indicating that a correlation may be present. However, the sample
used to derive this success rate comprises only six CSPNe, which is obviously insuf-
ficient to provide any level of confidence in the statistical significance of this success
rate.
It is important to note that a non-detection of photometric variability is not equiv-
alent to a non-detection of binarity. The amplitude of photometric variability of a
bCSPN is dependent on several factors:
• To display an irradiation effect, there must be a large temperature difference
between the two stars in the binary system, such that the hotter star can heat the
facing hemisphere of its companion.
• For ellipsoidal modulation, one or both of the stars must be close to filling their
Roche lobe.
• Most importantly, the inclination of the binary must be high enough for either
of the above effects to present a detectable variation in brightness (at very high
inclinations eclipses will also be seen).
With the dependance of detectability on inclination, it is important to consider whether
inclination could be the difference between the detected binaries and non-variable cen-
tral stars in this investigation. However, inspection of the images presented in this
chapter seems to indicate that this is not the case, for example, the symmetry axis of
the Prı´ncipes de Asturias nebula appears to lie approximately in the plane of the sky,
indicating the orbital plane of a central binary would lie close to the line of sight (see
chapter 1.3), where it would be most easily detected.
264 The Influence of bCS on the Morphologies of PNe
6.5: SUMMARY
Ignoring any biases (i.e., the suspected binarity of a given nebula), and assessing
the significance of the morphological features chosen as selection criteria, no clear
trend is identified. Of the four ringed PNe with complete datasets, two are found to
be binary and two non-variable. Similarly, of the five PNe displaying jet-like outflows,
three are found to be binary and two non-variable, and of the three PNe with filamen-
tary structure, two are found to be binary and one non-variable. This indicates that
no single morphological feature, of the three used here, appears to be a particularly
stronger choice than the others, with all having a roughly 50% success rate. Clearly,
this is not a rigorous test of the suitability of each of the chosen features as a predictor
of central star binarity. To address this, any future survey would require three separate
samples (one for each of the morphological selection criteria: jets, rings and low ioni-
sation structures), each consisting of a large, and as morphologically homogeneous as
possible, sample of PNe satisfying that particular morphological selection criterion.
6.5 Summary
Six new photometrically variable bCSPNe, marked by asterisks in table 1.1, have been
discovered (a ∼15% increase on the previously known number), as part of a programme
to photometrically monitor the central stars of PNe displaying morphological features
believed to be typical of central star binarity, as identified by Miszalski et al. (2009b).
The results of the survey strongly indicate that rings, jet and low ionisation structures
can be used to predict central star binarity with a success rate of ∼50% (c.f. an expected
rate of ∼15% for a random sample), although the size and methodology of the survey
mean that it is not possible to be confident of a connection between binary central
stars and the individual morphological selection criteria. It is, however, important to
note that the binary detection rate of this work (∼50%) is the highest reported of any
search for bCSPNe, and is therefore indicative of the strength of the link between the
morphological selection criteria used and central star binarity.
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It is hard enough to remember my opinions,
without also remembering my reasons for them
Friedrich Wilhelm Nietzsche (1844 – 1900)
I’d rather have a bottle in front of me than a frontal lobotomy
Thomas Alan Waits – 1977 7
Conclusions and future work
7.1 Introduction
Binary central stars are believed to play an important role in the shaping of PNe (de
Marco 2009). As described in chapter 1, observational evidence for the shaping of
PNe by a binary central star is lacking. The work presented in this thesis forms part
of an on-going project, initiated by Dr. Myfanwy Lloyd and Prof. Don Pollacco,
to derive spatio-kinematic models for all PNe known to contain close binaries central
stars. More recently, an international working group named PLaN-B (Planetary Nebula
Binaries) has been formed to coordinate investigative efforts into the role of binarity
in the formation and evolution of PNe. The work presented in this thesis constitutes
an important contribution to this investigation. In order to further assess the influence
of bCSPNe on the morphologies of their host PNe it is important to identify trends
amongst the sample of PNe known to host a bCSPN.
As of February 2011, only 48 PNe are known to host bCSPNe (see table 1.1).
Based on the morphological assessment of each PN listed in table 1.1 (see section 1.5)
it is possible to identify the morphologies which appear to be particularly prevalent
amongst PNe with bCSPN. Over 50% (27/48) are found to display bipolar morpholo-
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gies, consistent with the theoretical prediction that bCSPN should produce axisymmet-
ric PNe. A further ∼30% have irregular or unclear morphologies, while only ∼15% are
found to display apparently spherical or elliptical morphologies. However, as detailed
in section 1.3, the inclination of a PNe with respect to the line of sight can easily in-
fluence the assessment of nebular morphology based on imagery alone. The true mor-
phology of a PN is best determined through spatio-kinematic modelling of the nebular
shell, which will be discussed further in section 7.2.
As well as assessing the overall morphology of all PNe known to host a bCSPN
in table 1.1, I have also attempted to highlight the presence of smaller scale morpho-
logical features such as low ionisation structures, equatorial rings and jet-like out-
flows. These features were identified by Miszalski et al. (2009b) as being particularly
prevalent amongst their sample of 30 PNe with bCSPNe, and are, as expected, equally
prevalent among the full sample of 48, with low ionisation structures, equatorial rings
and jets each being present in approximately 17% of the total sample. Miszalski et al.
(2009b) suggested that these morphological features could be used to predict central
star binarity, a hypothesis investigated in chapter 6, which will be discussed in section
7.3.
7.2 Spatio-kinematic modelling
Spatio-kinematic modelling presents a valuable tool to determine the true morphology
of a given PN, as well as the inclination of that morphology with respect to the line
of sight. As described in chapter 1, PNe shaped by a bCSPN are expected to display
axisymmetric, bipolar morphologies, the symmetry axis of which is predicted to be
perpendicular to the orbital plane of the central binary. The inclination to the line of
sight of the orbital plane of a bCSPN can be determined through detailed photometric
and spectroscopic study, and later compared to the inclination of the host PN as de-
termined by spatio-kinematic modelling (as first performed for A 63 by Mitchell et al.
2007).
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The spatio-kinematic modelling of A 41, presented in chapter 3, makes this nebula
only the second PN with a bCSPN to have been spatio-kinematically modelled in or-
der to ascertain the relationship between the nebular inclination and that of the orbital
plane of the central binary. Just as for A 63 (Mitchell et al. 2007), the nebula is found
to follow the predicted alignment, indicating that A 41 has been shaped by its bCSPN,
MT Ser. Four more PNe (NGC 6337: Garcı´a-Dı´az et al. 2009 & Hillwig et al. 2010;
A 65: Huckvale et al. 2010; Sp 1: Mitchell 2007; and HaTr 4: Tyndall et al. 2010 &
Tyndall et al. in preparation) have been subjected to the same treatment. All the mod-
elled PNe have been shown to follow the predicted perpendicular alignment between
binary orbital plane and nebular symmetry axis. Thus far, no PNe has been found to
contradict the predicted perpendicular alignment between nebular symmetry axis and
binary orbital plane.
Spatio-kinematic modelling of ETHOS 1, as presented in chapter 4, has also been
performed, but its bCSPN has not yet been subject to an in-depth study, and therefore
no definitive connection can be made between the orbital plane and nebular inclination.
This means that, in total, only seven PNe known to contain a post-CE CSPN have
been spatio-kinematically modelled, and thus far no comparison between these PNe
based on their modelled parameters has been undertaken. Similarly, no attempt has
been made to identify trends amongst these systems (i.e., between nebular and binary
parameters), which would then constrain the influence of a bCSPN on the morphology
of its host nebula. Although this is still a small sample, the most obvious parameters to
consider are the binary period, the φ ratio (as defined in section 2.4.3) and the nebular
expansion velocity, all of which are tabulated in table 7.1.
The possible connections between the morpho-kinematical parameters of the PNe
and the orbital parameters of their central binary stars are strongly connected to the
CE process (section 1.4), and can help to strengthen our understanding of this poorly
understood phase of evolution. For example, equation 1.3, coupled with the observa-
tional constraint that the γ factor appears to be roughly 1.7 for all systems, indicates
that shorter period binary systems will have deposited more angular momentum into
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their ejected CEs. This additional angular momentum will act to focus the ejection
more and more into the orbital plane of the binary, causing higher and higher density
contrasts which should be related to the φ parameter of the host nebula. Therefore, a
correlation between φ and period is probably to be expected, and could be used to con-
strain the CE ejection process. Furthermore, equation 1.2 shows that shorter orbital
period binaries should have deposited more energy into the ejected CE (with strong
dependence on the α parameter), some of which will be converted to the kinemati-
cal energy of unbound CE. As this CE is expected to go on to form the dense waists
seen in some PNe with binary central stars, the expansion velocity of the nebular rings
(related to the kinematical energy of the CE) might be expected to show some corre-
lation with the final orbital period (related to the amount of orbital energy deposited
in the CE). Any observed correlation between these two could be used to constrain
the α parameter, which parameterises the fraction of orbital energy used to unbind the
CE, something that is currently very poorly understood. In the following subsections,
these expected correlations between the morpho-kinematical parameters of the PNe
and the orbital parameters of their central binary stars will be discussed in the context
of current observations (see also Jones et al. 2011).
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Table 7.1: A table of the derived parameters of seven spatio-kinematically modelled PNe with bCSPNe (the φ parameter is as
defined in section 2.4.3). NGC 6778 and the Necklace are also included, there are published spatio-kinematical data for these two
objects but as yet no published spatio-kinematical models.
PN CSPN period (days) φ ratio Expansion velocity ( km s−1) References
A 41 0.226 ∼1.17 40 − 80 Jones et al. (2010b); this work
A 63 0.456 ∼1.27 ∼20 Mitchell et al. (2007)
ETHOS 1 0.53 ∼2 (20−)55 − 120 Miszalski et al. (2011b); this work
NGC 6337 0.538 N/A 12 − 200 Garcı´a-Dı´az et al. (2009); Hillwig et al. (2010)
A 65 (outer-shell) 1 ∼1.72 20 − 30 Shimansky et al. (2009); Huckvale et al. (2010)
HaTr 4 1.74 ∼1 20 − 60 Tyndall et al. (2010); Tyndall et al. in preparation
Sp 1 2.91 ∼1.38 20 − 60 Mitchell (2007)
NGC 6778 0.15 - 30 − 230 Maestro et al. (2004); this work
Necklace 1.16 - 28 − 115 Corradi et al. (2011); this work
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7.2.1 The φ parameter
Of the PNe listed in table 7.1, only six have a determined φ ratioi. In figure 7.1,
the φ ratio of those six PNe are plotted against the orbital period of their respective
bCSPNe. From figure 7.1 it is clear that the PNe with the largest φ ratios also have
short period bCSPNe, however there is no strong correlation as there are also PNe with
low φ ratios and short period bCSPNe. This lack of correlation may indicate that the
final binary orbital period has no relationship with PN morphology (as parameterised
by the φ ratio), or merely be a result of the small sample involved. Alternatively, the
φ parameter may be a poor choice of parameterisation to represent the overall nebular
morphology, but it is unclear what other parameterisations could be employed.
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Figure 7.1: A plot of φ ratio against orbital period for the PNe listed in table 7.1.
iNo lobes were detected in the modelling of NGC 6337 performed by Garcı´a-Dı´az et al. (2009) (as
defined in section 2.4.3), and so the φ ratio of this nebula is undefined.
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7.2.2 Equatorial expansion velocity
Bipolar PNe (which are believed to be a product of shaping by a bCSPN, de Marco
2009) are well known to exhibit higher expansion velocities than their elliptical or
spherical counterparts (Corradi & Schwarz 1995). However, without spatio-kinematical
modelling and deprojection of line of sight velocity measurements, it is unclear whether
the higher velocities measured in bipolar PNe are poloidal or also found in the equa-
torial regions of the PNe. In figure 7.2, the equatorial expansion velocities of the PNe
listed in table 7.1 are plotted against the orbital period of their respective bCSPNe.
Just as for the φ parameter (figure 7.1), there is no clear correlation between bCSPN
orbital period and PN equatorial expansion velocity, however the three PNe exhibiting
the highest equatorial expansion velocities also have particularly short bCSPN orbital
periods, hinting at a possible trend.
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Figure 7.2: A plot of equatorial expansion velocity against orbital period for the PNe
listed in table 7.1.
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7.2.3 Polar outflows
As discussed in chapter 4, three of the PNe listed in table 7.1 (A 63, ETHOS 1 & the
Necklace) display high velocity polar outflows, and in all three the kinematical age
of the bipolar outflow is greater than that of the central nebula (see table 4.4). This
indicates that, in each nebula, the polar outflow was produced before the nebulaii. If
the polar outflows were to originate from an accretion disc around the secondary (of the
central binary system), which is accreting matter either from the primary’s wind or via
Roche lobe overflow, then the age difference can be explained as the nebula would not
be ejected until the end of a subsequent CE phase (a CE which may form from the same
Roche lobe overflow event). This pre-CE formation hypothesis is also supported by the
work of Soker & Livio (1994), which showed that polar outflows would be expected
to originate from binaries with longer periods (P∼a few years) than the bCSPNe of
A 63, ETHOS 1 and the Necklace (P∼a few hours to one day), consistent with spiral-
in during a subsequent CE phase. With this hypothesis, the difference in kinematical
age, between polar outflow and central nebula, represents a maximum lifetime for the
CE phase (predicted to be ∼1000 years, Webbink 2008).
7.2.4 Sample size
Figures 7.1 and 7.2 clearly show that the current sample of PNe that have been the
subject of detailed spatio-kinematical modelling is insufficient to be able to draw con-
fident conclusions. The small sample size is, in part, due to the small sample of PNe
known to contain a bCSPN, and the even smaller number that have been subjected to
a detailed study of the bCSPN such that a comparison between nebular and orbital in-
clinations could be performed. However, both these points are being addressed as part
of the PLAN-B collaboration. As will be discussed in chapter 7, there are a selection
of bCSPN which are currently the subject of detailed study by collaborators of the
iiThe exact time difference between the ejection of the polar outflow and the central nebula is uncer-
tain for each of the three nebulae due to their uncertain distances, as well as the “upper-limit” nature of
kinematical ages in general (as discussed in section 4.5).
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author, and as such have been selected for future spatio-kinematical study. Addition-
ally, in order to increase the number of bCSPN known, the author has been part of a
collaborative effort to photometrically detect new bCSPN (see section 7.3).
7.2.5 SuWt 2: A special case?
Deep narrowband imagery in combination with high resolution spatially-resolved spec-
troscopy has been used to study the morphology of SuWt 2. The spatio-kinematic mod-
elling presented in chapter 5 revealed that the bright nebular ring encircles the waist
of a larger bipolar structure. The nebula was found to display enhanced brightness in
the Northwest. It has been concluded that neither component of the double A-type
binary, seen at the centre of the nebular ring, could be the nebular progenitor because
the heliocentric systemic velocity of the nebula is found to be different to that of the
double A-type binary star. Additionally, the inclination of the nebular symmetry axis,
determined from the spatio-kinematic model, is not aligned perpendicular to the orbital
plane of the double A-type binary, further indicating that neither star is the progenitor.
It remains to be seen whether the double A-type binary actually lies at the centre
of SuWt 2 (forming part of a trinary system with the, as yet undetected, progenitor
star), or is just a field star system in chance alignment. While the separation between
the systemic velocity of the nebula and the double A-type binary does seem to rule
out either component as the progenitor, it does not preclude the possibility of a third,
progenitor component. In this case, the plane in which the A-type binary orbits the
progenitor WD is expected to be perpendicular to symmetry axis of the nebula. Should
the double A-type binary be part of a trinary system, one would expect to see periodic
variation in the systemic velocity of the A stars as they orbit the third star. Exter et al.
(2010) find that the systemic velocity of the double A-type binary does indeed show
some variation, however their observations are too sparse to constrain the nature of this
variability. As the orbital period of the trinary is likely to be ≥ 1 month, an extensive
observational campaign will be required to fully constrain the nature of the system.
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The nebular progenitor itself is yet to be detected, probably as it is too distant
and/or intrinsically faint. This is consistent with the 2.3 kpc distance to the double
A-type binary and the kinematical age of the nebula at that distance (17500 years).
Deeper UV observations represent the only possibility of direct detection, however
SuWt 2 lies at too low latitude to be observed using GALEX, leaving few remaining
options.
As the central star system of SuWt 2 is almost certainly not the double A-type
binary alone, it is concluded, in chapter 5, that SuWt 2 should be removed from future
lists of PNe known to host a bCSPN, and instead reserved for special consideration as
a possible exotic trinary system.
7.3 Morphological features connected to central star
binarity
As discussed in section 7.1, Miszalski et al. (2009b) showed that morphological sub-
structures like equatorial rings, polar outflows and low ionisation filaments were par-
ticularly prevalent amongst the currently known sample of PNe with bCSPNe, and pro-
posed that they could be used as a selection criterion for future searches for bCSPNe.
In order to investigate this hypothesis, as well as increase the sample of bCSPN known,
the author and collaborators began a survey for photometric variability amongst PNe
display those morphological features identified by Miszalski et al. (2009b). The re-
sults of this survey were outlined in chapter 6, concluding with the detection of six
new bCSPN, a ∼15% increase on the previously known number.
Of the three morphological features used as selection criteria to form the survey
sample (Jets, equatorial rings & filaments), each had an approximately equal success
rate (each ∼50%, see section 6.4). Similarly, of the 48 PNe with bCSPN listed in table
1.1, the three features appear with equal frequency (section 7.1). This indicates that
none of the morphological features stands out, above the others, as a better predictor
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of central star binarity.
7.4 Summary
To fully constrain the morphology of a PN, a detailed spatio-kinematic model must be
derived as morphologies determined from imagery alone can be severely influenced by
line of sight inclination effects. To date, sixiii PNe known to host a bCSPN have been
spatio-kinematically modelled, with each following the expected alignment between
bCSPN orbital plane and nebular symmetry axis indicating that central star binarity
has played an important role in the shaping of each PNe. However, this sample is
insufficient to identify trends within the sample. It is, therefore, necessary to continue
this programme of spatio-kinematic modelling of PNe with bCSPNe, in order to be
able to draw further conclusions.
The paucity of spatio-kinematically modelled PNe with bCSPNe is in part due to
the small number of bCSPN known. In order to increase the number of bCSPN known,
as well as investigating the hypothesis that the morphological features identified by
Miszalski et al. (2009b) could be used as predictors for central star binarity, a survey
for photometric variability has been initiated. Using jets, equatorial rings and filaments
as the morphological selection criteria to construct the survey sample, the author and
collaborators have discovered six new bCSPN. However, no strong connection between
the morphological selection criteria and central star binarity could be made, due to the
small and, in some cases, biased nature of the survey.
7.5 Future work
Further, more rigorous investigation is required in order to fully constrain the connec-
tion between the morphological selection criteria, used in chapter 6, and central star
iiiSeven including ETHOS 1, however the inclination of the bCSPN of ETHOS 1 is unknown and,
therefore, the expected perpendicular alignment between nebular symmetry axis and binary orbital plane
cannot be tested for this nebula.
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binarity. This continued investigation will require a larger sample of more homoge-
neous PNe, with a separate sample for each selection criterion, such that each of the
identified morphological features can be investigated individually. To this end, further
observing time has been granted on the 1.9-m Radcliffe telescope and on the ESO-
NTT. ESO-NTT is a larger telescope than those previously employed, meaning fainter
central stars can be probed for signs of binarity; and has a larger suite of filters, mean-
ing that even the brightest nebulae will be able to be observed without risk of nebular
contamination drowning out any variability in the central star. The final samples have
yet to be selected by the collaboration.
Though targeted searches offer the best prospect of approaching a statistically sig-
nificant sample of binary central stars, survey telescopes present an unbiased opportu-
nity to test the binary fraction in the central stars of planetary nebulae. If binary central
stars are responsible for the shaping of all aspherical PNe, as suggested, then the binary
fraction is a quantity that should be directly linked to the fraction of PNe displaying
aspherical morphologies. The OGLE survey covered approximately 300 Galactic PNe
in its relatively small field, identifying a binary fraction of 12–21% (Miszalski et al.
2009a). SuperWASP covers a greater region of sky, but at lower depth, offering a fur-
ther measure of this binary fraction. As such, the author has initiated a comprehensive
examination of all PNe, in the field covered by SuperWASP observations, for signs
of photometric variability associated with central star binarity. The suitability of this
instrument is confirmed for this purpose by the discovery of a 6.4 day photometric
period for the spectroscopic binary LoTr 1 (Bond et al. 1989). The folded photometric
light-curve of LoTr 1 and the Lomb-Scargle periodogram are presented in Figure 7.3,
respectively. Without further observation it is unclear whether this photometric varia-
tion is a result of an irradiation effect and therefore follows the periodicity of the central
binary, or is the rotation period of a photospherically active secondary (further spec-
troscopic observations are required to confirm its nature), nonetheless it confirms the
suitability of SuperWASP instrumentation for the detection of photometric variability
in the central stars of planetary nebulae (Jones et al. 2010d).
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Figure 7.3: The periodogram and folded SuperWASP light-curve of LoTr 1 reproduced
from Jones et al. (2010d).
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Further spectral observations are required to fully derive the physical properties
(e.g., spectral type, masses, radii, separation and orbital inclination) of each new bi-
nary system discovered by both the targeted and unbiased surveys. A programme is
already underway to obtain time-series radial velocity measurements using the VLT
and Gemini. These objects represent one of the best tests of our understanding of
common-envelope phase physics, as the short lifetime of the nebulae indicates that
the common-envelope was recently ejected and therefore that the central binaries are
‘fresh’ from the common-envelope phase.
Table 7.2: A table of PNe suggested for future spatio-kinematical investigation
PN Binary inclination Notes
A 46 80◦ Afs¸ar & Ibanogˇlu (2008)
Hf 2-2 - Detailed RV and photometric study in prep.
(Hillwig et al. in prep.)
K 1-2 50◦ Exter et al. (2003b)
M 3-16 &75◦(Eclipsing) Currently subject of detailed RV study
(Miszalski priv. comm.)
NGC 6026 82◦ Hillwig et al. (2010)
NGC 6778 &75◦(Eclipsing) Currently subject of detailed RV study
(Miszalski priv. comm.)
Sab 41 - Currently subject of detailed RV study
(Miszalski priv. comm.)
Once the binary parameters have been determined, it will be possible to perform the
same analysis as carried out for Abell 41 in chapter 3, comparing the orbital inclination
to that of the nebula. To this end, a series of applications have been submitted to acquire
spatio-kinematic data (using UVES on the VLT, GHαFaS on the WHT and MES-SPM)
of all planetary nebulae with well-constrained binary inclinations in addition to those
whose binary central stars are currently the subject of detailed spectroscopic investiga-
tion (including other binaries found as part of the PlaN-B collaboration, see table 7.2
for details). The data will be combined with pre-existing data (and modelling) from
280 The Influence of bCS on the Morphologies of PNe
7.5: FUTURE WORK
Hf 2-2 (acquired on a previous observing run with UVES on the VLT), and together
will form the most comprehensive test of the association between nebular symmetry
axis and binary orbital plane to date.
If, as expected, all nebulae are aligned perpendicular to the orbital plane of their
central binaries, this will not only provide much-needed evidence in support of the bi-
nary shaping hypothesis, but also allow the search for additional correlations between
the binaries and their host nebulae. For example, one might expect to see some cor-
relation between orbital period and morphology (as discussed in chapter 7.2), or that
the different classes of secondary should show different morphological features (e.g.,
do double-degenerate nuclei show a propensity for particular nebular features?). This
will further test theoretical understanding of the processes at work in the formation of
bipolar planetary nebulae by binary central stars.
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ABSTRACT
We present the first detailed spatio-kinematical analysis and modelling of the southern plan-
etary nebula SuWt 2. This object presents a problem for current theories of planetary nebula
formation and evolution, as it is not known to contain a central post-main-sequence star.
Deep narrow-band [N II]6584 Å images reveal the presence of faint bipolar lobes emanating
from the edges of the nebular ring. Long-slit observations of the Hα and [N II]6584 Å emission
lines were obtained using the ESO (European Southern Observatory) Multi-Mode Instrument
on the 3.6-m ESO New Technology Telescope. The spectra reveal the nebular morphology
as a bright torus encircling the waist of an extended bipolar structure. By deprojection, the
inclination of the ring is found to be 68◦ ± 2◦ (cf.∼90◦ for the double A-type binary believed
to lie at the centre of the nebula), and the ring expansion velocity is found to be 28 km s−1.
Our findings are discussed with relation to possible formation scenarios for SuWt 2. Through
comparison of the nebular heliocentric systemic velocity, found here to be −25 ± 5 km s−1,
and the heliocentric systemic velocity of the double A-type binary, we conclude that neither
component of the binary could have been the nebular progenitor. However, we are unable to
rule out the presence of a third component to the system, which would have been the nebula
progenitor.
Key words: circumstellar matter – stars: kinematics – stars: mass-loss – stars: winds, out-
flows – planetary nebulae: individual: SuWt 2, PN G311.0+02.4.
1 IN T RO D U C T I O N
Planetary nebulae (PNe) represent a late stage in the evolution of
intermediate-mass stars, the production of which has long been
thought to be the result of a dense stellar wind, originating from
the progenitor asymptotic giant branch star, being swept up into
a fine rim by a faster wind from the emerging white dwarf (WD)
(Kwok, Purton & Fitzgerald 1978). This model was later extended
to become the generalized interacting stellar wind theory, stating
that enhanced equatorial mass loss in the slow, dense wind phase
can lead to a bipolar shape in the resulting nebula (see e.g. review
by Balick & Frank 2002). The mechanism behind this highly non-
isotropic mass loss represents a particularly hot topic in the field of
PN research. One favourable mechanism is for the central star of
the planetary nebula (CSPN) to undergo a common envelope (CE)
⋆Based on the observations made with European Southern Observatory
telescopes at the La Silla or Paranal Observatories under programme IDs
74.D-0373 and 55.D-0550.
†E-mail: david.jones-3@postgrad.manchester.ac.uk
evolution with a binary partner. For a CE to form, one component
of a close-binary system must overflow its Roche lobe and begin to
accrete on to its partner, and the time-scale for mass transfer must
be considerably shorter than the time-scale on which the accretor
can thermally adjust, thus causing the accretor to also fill its Roche
lobe. Any further mass lost by the donor will then go on to form
a CE which surrounds both stars. The shedding of this CE, by
angular momentum transfer, α − ω dynamo or accretion-driven
jets (Nordhaus & Blackman 2006), provides the mass anisotropy
required to form bipolar nebulae. The hydrodynamic simulations of
Rasio & Livio (1996) confirm that equatorial density enhancement
is a natural consequence of a CE evolution.
SuWt 2 (PN G311.0+02.4,α= 13h55m43.s23, δ=−59◦22′40.′′03
J2000) is described by Schuster & West (1976) as ‘an elliptical,
nebular ring upon which several star-like images are superposed’.
West (1976) classified SuWt 2 as a PN based on the presence of
strong emission from forbidden lines typical of this class of object.
Smith, Bally & Walawender (2007) added further evidence through
the comparison of line strengths between [N II]6584 Å and Hα,
concluding that the nebula is nitrogen-rich and as such originates
C© 2009 The Authors. Journal compilation C© 2009 RAS
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Figure 1. ESO–NTT exposure of SuWt 2 in the light of [N II]6584 Å showing the position and extent of slits used, the cut-out shows the same image at greater
contrast in order to highlight the extent of the nebular ring and the presence of the bipolar lobes.
from a post-main-sequence object. They also derive an electron
temperature from the [N II] line ratio of T e = 11 400 K, which is
similarly consistent with those of other PNe (Kaler 1986).
Photometric analysis of the CSPN reveals a 4.9 day period,
eclipsing binary (Bond et al. 2002). Later spectroscopic analysis
confirmed this period, and also revealed the two stars to be A type
with masses of about 3 M⊙; there is no indication of a hotter com-
ponent in the observed spectra (Exter et al. 2003). It is unclear what
mechanism could lead to the formation of a PN associated with this
system. It is also impossible for either star to account for the ioniz-
ing flux required to illuminate the nebula, leading Bond et al. (2002)
to put forward the possibility that the system is actually a triple with
a distant, and as yet undetected, third WD component which would
account for both the origin and illumination of the nebular shell.
However, Smith et al. (2007) speculate that the source of the ion-
izing radiation could be the bright B2 star approximately 1 arcmin
north-east of SuWt 2. This hypothesis could also account for the
observed brightness enhancement in the north-eastern edge of the
nebular ring and would require the star to be at a similar distance
to SuWt 2. They conclude that further investigation is required to
assess the validity of this hypothesis. It is also possible that the neb-
ula is actually seen in recombination (Exter et al. 2003), meaning
no current source of ionizing radiation is required.
In this paper, we present long-slit spectroscopy of SuWt 2, from
which, combined with deep narrow-band images (see Fig. 1), we
derive a spatio-kinematical model of the nebula, with the aim of
probing the nature of the relationship between the nebula and the
double A-type system apparently at its centre.
2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
The narrow-band [N II]6584 Å image of SuWt 2 shown in Fig. 1 was
obtained using the ESO (European Southern Observatory) Multi-
Mode Instrument (EMMI; Dekker, Delabre & Dodorico 1986) on
the 3.6-m ESO New Technology Telescope (NTT) on 1995 April
20 with an exposure time of 1000 s and seeing of 1 arcsec (the pixel
scale of EMMI in this mode is 0.27 arcsec pixel−1). The image
shows the bright, nebular ring and much fainter lobes extending to
the north-east and south-west of the ring, which were first alluded
by Exter et al. (2003) but have never before been presented in such
a deep image. The ring is almost elliptical, but somewhat irregular
and slightly wider to the north-west. It can be seen, by comparing
the two panels in Fig. 1, that the bright nebular ring appears much
thicker and more regular when shown at high contrast, as noted by
Smith et al. (2007). The lobes seen to be protruding to the north-east
and south-west of the ring appear to show the bipolar morphology
typical of many ring-PNe (e.g. IC 2149: Va´zquez et al. 2002, Me
1-1: Pereira et al. 2008 and WeBo 1: Bond, Pollacco & Webbink
2003). The nebula can be seen to exhibit brightness variations across
not only the ring, as noted by Smith et al. (2007), but also in the
bipolar lobes; both lobes appear brighter along their north-western
edges and the lobe protruding to the north-east appears brighter than
its south-western partner. West (1976) suggested that the observed
Balmer decrement indicated some obscuration, particularly in the
western part of the ring. Furthermore, the bright star appearing
inside the nebular ring, the double A-type binary, can be clearly
seen to be offset by approximately 4 arcsec north and 2 arcsec east
from the ring’s centre as found by ellipse fitting.
Spatially resolved, long-slit emission-line spectra of SuWt 2 have
been obtained with the EMMI on the NTT. Observations took place
on 2005 March 2–4 using the red arm of the spectrograph which
employs two MIT/LL CCDs, each of 2048 × 4096 15 µm pixels
(≡0.166 arcsec pixel−1), in a mosaic. There is a gap of 47 pixels (≡
7.82 arcsec) between the two CCD chips which can be seen in the
observed spectra.
The EMMI was used in single-order echelle mode, with grating
Eche#10 and the narrow-band Hα filter (ESO filter #596) to isolate
the 87th echelle order containing the Hα and [N II]6584 Å emission
lines. Binning of 2 × 2 was used giving spatial and spectral scales
of 0.33 arcsec pixel−1 and 3.8 km s−1 pixel−1, respectively. The slit
had a length of 330 arcsec and width 1 arcsec (≡10 km s−1). All
integrations were of 1800 s duration and the seeing never exceeded
1 arcsec.
Data reduction was performed using STARLINK software. The spec-
tra were bias-corrected and cleaned of cosmic rays. The spectra were
then wavelength calibrated against a long exposure ThAr emission
lamp, taken at the start of each night. The calibration was confirmed
using short Ne emission lamp exposures throughout the night, and
by checking the wavelengths of skylines visible in the exposure.
Finally, the data were rescaled to a linear velocity scale (relative
C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 405–410
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Figure 2. The observed [N II]6584 Å PV arrays from Slits 1 to 5 (see Fig. 1). Note that the gap between the two CCD chips appears as a white band at negative
angular offsets.
to the rest wavelength of [N II]6584 Å taken to be 6583.45 Å) and
corrected for heliocentric velocity.
In total, 10 integrations were obtained, five inclined at 9◦ to
the minor axis of the nebular ring at a position angle (PA) = 56◦
(numbered 1 to 5) and five inclined at 87◦ to the minor axis of the
nebular ring at a PA = −40◦ (numbered 6 to 10). The slit positions
are shown on the deep image of SuWt 2 in Fig. 1. The fully reduced
position–velocity (PV) arrays for [N II]6584 Å emission are shown
in Figs 2 and 3.
The y-axis zeroes (spatial dimension) of the PV arrays are set to
the point at which the slit crosses either the major (Slits 1 to 5) or the
minor (Slits 6 to 10) axis of the nebular ring. Here, both the major
and minor axes are taken to be through the bright double A-type
binary star. Note that the spectrum of the double A-type binary is
not spatially centred between the bright regions of emission from
either side of the nebular ring (Fig. 3c), confirming that the binary
does not lie at the geometric centre of the nebula. Although Slits
7 and 9 (Figs 3b and d) show stellar continuum at approximately
0 arcsec, these are merely coincidental field stars and only Slits 3 and
8 (Figs 2c and 3c) actually cross the double A-type binary. Similarly
both Slits 3 and 8 appear to show three stellar continua around
0 arcsec, this is actually an artefact of the system resulting from the
comparative brightness of the double A-type binary relative to the
nebular emission.
It can be seen from the PV array of Slit 3 (Fig. 2c) that the nebular
ring is tilted such that its north-eastern side is towards the observer
(assuming that it is expanding radially outwards). The PV array
from Slit 8 (Fig. 3c appears to show a ‘velocity ellipse’ with very
bright end components where the slit crosses the bright ring, and
much fainter red and blue components connecting the bright ends.
The bright emission in Slits 7 and 9 (Figs 3b and d), which cross
the north-east and south-west limbs of the ring, again show that the
north-eastern part of the ring is blueshifted and the south-western
part is redshifted.
The PV array from Slit 1 (Fig. 2a) shows that emission from both
the brighter north-eastern lobe and the fainter south-western lobe is
split into two components out to at least 50 arcsec. This splitting can
also be seen in Slits 2 to 5 (Fig. 2) particularly in the south-western
lobe. Slits 6 and 10 (Fig. 3a and e), which do not cross the bright
ring, show velocity ellipses in their PV arrays, indicating that the
two lobes have a hollow-shell structure.
Other notable features include a compact bright component in
Slit 1 at −80 arcsec and Slit 2 at −70 arcsec (Figs 2a and b), and
a double component in the emission from the region just beyond
the southeastern edge of the ring which is most apparent in Slit 7
(Fig. 3b). Faint emission can be seen extending out beyond ±100
arcsec along all the slits.
3 A NA LY SIS
A spatio-kinematic model of the [N II]6584 Å emission from SuWt
2 has been derived in order to confirm that its structure is indeed
bipolar and to constrain the derived systemic velocity so that this
can be compared to the systemic velocity of the double A-type
binary.
The model was developed using SHAPE (Steffen & Lopez 2006)
and compared to the observed [N II]6584 Å emission, which has a
significantly greater intensity and less thermal broadening than the
C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 405–410
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Figure 3. The observed [N II]6584 Å PV arrays from Slits 6 to 10 (see Fig. 1). Note that the gap between the two CCD chips appears as a white band at
negative angular offsets.
Hα emission. The observed Hα profiles are also contaminated by
background Galactic emission.
As a starting point, it was assumed that the visible ring of SuWt
2 is, in fact, circular, and by deprojection an inclination of 68◦ ±
2◦ was derived. This value is in reasonable agreement with the
value of 64◦ ± 2◦ found by Smith et al. (2007) who used the
same method but a different image. The model nebula consists
of a bright torus (giving rise to the observed ring) and fainter,
symmetric, bipolar lobes. A Hubble-type flow was assumed, with
the same scale velocity for each nebular component (torus and
bipolar lobes). The model parameters (size, shape, expansion scale
velocity, etc.) were manually varied, and the results compared by
eye to the observations, both spectral and imaging, until a best fit
was found. The best-fitting model has a scale velocity equivalent
to a 28 km s−1 expansion velocity (from the nebular centre) for
the torus and a systemic velocity of −25 ± 5 km s−1. Both open
and closed bipolar lobe models were tested, the observed spectra
from the lobes are too faint and irregular to conclusively distinguish
between these two alternatives. It seems that the north-eastern lobe
is better matched by a closed model, whereas the south-western
lobe is better matched by an open model. It is not unheard of to
find nebulae with components inclined with respect to each other
(e.g. Menzel 3 – Santander-Garcı´a et al. 2004); however, there is no
evidence that the lobes are inclined at a significantly different angle
to the ring.
A selection of synthetic PV arrays extracted from the closed
lobe model is shown in Fig. 4, together with the corresponding
observed data. The synthetic arrays have been convolved in both
spatial and spectral dimensions to reflect the observed spatial and
spectral resolutions.
3.1 Comparison of model to data
The bright emission from the ring is generally well reproduced by
the synthetic data (Fig. 4), although the model torus appears at first
sight to be larger than the observed bright ring. This is because the
model torus has dimensions matching the full extent of the ring,
but does not include the significant brightness variations observed
across the ring. The spectra confirm that the emission from the
faint, outer part of the ring is kinematically consistent with the
emission from the bright, inner part. The model PV array from Slit
8 (Fig. 4f), which lies close to the major axis of the ring, reveals
that the bright-end components of the ‘velocity ellipse’ are from
the bright ring, whereas the connecting faint components are in fact
from the much fainter bipolar lobes. The faint emission from the
lobes can also be seen on Slits 7 and 9 (Figs 3b and d), where Slit 7
shows the blueshifted edge of the bright ring, and a faint redshifted
component from the redshifted lobe behind it, and Slit 9 shows
the redshifted edge of the bright ring and the faint blue component
from the near-side lobe which lies in front of it. The identification
of the observed ring as a flattened equatorial ring structure rather
than a limb-brightened ellipsoid is consistent with the findings of
Smith et al. (2007), based on their intensity profile analysis of the
image.
The bright emission around 0 arcsec offset from Slit 1 (Fig. 4a)
is seen to originate in the outer edge of the torus and would not be
C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 405–410
David Jones 303
Kinematics of the ring-like nebula SuWt 2 409
Figure 4. A selection of the synthetic PV arrays derived from the closed bipolar model, shown with the corresponding observed [N II]6584 Å arrays.
matched by a model with a smaller torus. On the irregular north-
western part of the ring, some emission appear from within the
region that would be occupied by the model torus. However, if
the torus were to be offset to the south-east to accommodate this
irregularity, the model would then fail to reproduce the observed
velocity structure of Slits 6 to 10.
The faint emission from beyond the extent of the bright ring is
generally consistent with a bipolar structure, although the brightness
asymmetry between the north-east and south-west of the nebula is
not included in the model. Neither the relatively bright, double
velocity component observed at around −70 arcsec in Slits 7 and 8
(Figs 3c and d) nor the compact, bright structure appearing on Slits
1 and 2 (Figs 2a and b) between−70 and−90 arcsec are reproduced
by the model, although these features are almost certainly associated
with the nebula, due to their similar velocities. One possibility is that
the compact bright feature marks the nebular rim or opening. This is,
however, unlikely, because the faint emission seen at more negative
angular offsets indicates that the bipolar lobe continues beyond
this point. It is more likely to be as a result of some filamentary
structure in the nebular shell. It is of note that this feature cannot be
seen on the deep image of SuWt 2 (Fig. 1); however, it is unclear
whether this is as a result of transmission wavelength variations (of
the filter) with angle of incidence (and therefore field position, see
Ruffle 2006) or that it is simply too faint.
All the PV arrays show what appears to be a very faint component
at 0 km s−1 along the full extent of the slit. This may indicate
the presence of a large halo surrounding the nebula, similar to
those shown in Corradi et al. (2003), or simply be faint galactic
emission.
3.2 Distance estimate and kinematical age
There is, as yet, no published distance for SuWt 2, but an esti-
mate of the distance to the double A-type binary can be made by
taking mv = 11.99 (and assuming both stars are of equal magni-
tude), E(B − V ) = 0.4 (Exter, private communication) and the
spectral type as A3V (Mv ∼ 1.5; Cox 2000). This gives a value of
approximately 1 kpc.
If it is assumed that the nebula is at the same distance as the
double A-type binary, then the size of the nebular ring is ∼0.44 pc
and the lobes even larger. With the same assumption, the expansion
velocity of the torus can be converted into a kinematical age of
7600 ± 1500 yr (or more generally, 7600 ± 1500 yr kpc−1).
3.3 Systemic velocity of the nebula
The heliocentric systemic velocity of the PN was found to be−25±
5 km s−1. This is somewhat lower than the value of−40± 9 km s−1
found by West (1976). However, if one considers that their value
is derived from lower spectral resolution observations and that the
nebula is much brighter on the blueshifted side, it is far from un-
reasonable to conclude that their value was taken as the velocity at
the brightness peak of the nebula (using this method for our own
Slits 3 and 8, we determine velocities of −38 ± 3 and −37 ±
4 km s−1). Our preferred value of −25 ± 5 km s−1, however, is
determined through comparison of model spectra to observations
(and as such is not biased by the brightness variations across the
nebula).
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4 D I S C U S S I O N A N D C O N C L U S I O N S
High spatial and spectral resolution long-slit [N II]6584 Å spectra
have been obtained from the ring-like PN SuWt 2. These spectra,
together with a deep [N II]6584 Å image, have been used to derive
a spatio-kinematic model comprising a bright torus encircling the
waist of a fainter bipolar nebular shell. The symmetry axis of the
model nebula is inclined at∼68◦ to the line of sight. A Hubble flow
is assumed with an expansion velocity for the torus of 28 km s−1,
which is consistent with typical PNe expansion velocities, further
confirming the nature of SuWt 2. The heliocentric systemic velocity
of the PN was found to be −25 ± 5 km s−1.
The bright double A-type binary is slightly offset from the ge-
ometric centre of the nebula (Smith et al. 2007 and this paper),
which may indicate that it is not actually the central star, although
it is not uncommon to find CSPN offset from their nebular centres,
particularly in ring nebulae like SuWt 2 (Pereira et al. 2008). The
eclipsing nature of the binary (Exter et al. 2003) implies that the
inclination of the binary plane is ∼90◦, which is substantially dif-
ferent from the inclination angle of the nebula. This would seem to
rule out either star as the nebular progenitor, if it is believed that the
orientation of the nebula follows that of the central binary system
(e.g. Mitchell et al. 2007). Moreover, the binary is a double A-type
system meaning neither component can be the nebular progenitor
without invoking a born-again scenario (considered unlikely due to
the determined parameters of the stars; Bond et al. 2002).
However, it is possible that the nebula was formed from the third
component of a triple system (Bond et al. 2002). In this case, the
plane in which the A-type binary orbits the progenitor CSPN would
be expected to be similar to the nebular inclination. One would also
expect to see a periodic variation in the systemic velocity of the A-
type system (as it orbits the third star). Exter (in preparation) finds
that this systemic velocity does show some variation (private com-
munication), with a maximum observed deviation of ∼21 km s−1
(corresponding to a systemic velocity of −4 km s−1) from the neb-
ular recession velocity of −25 km s−1 reported in this paper. This
indicates that an association between the nebula and the AA binary
(with possible progenitor companion) cannot be ruled out on purely
kinematic grounds. A triple-progenitor scenario is also supported by
the unusually slow rotation period seen in the A-type binary, which
could have resulted from an interaction with a third star (Bond et al.
2008). However, as yet there is no direct observational evidence for
such a third component.
It has previously been noted that a double A-type system would
not provide sufficient ionization to illuminate the nebula. Smith et al.
(2007) speculate that the bright star to the north-east of the nebula
could be the ionizing source. However, if the double A-type binary
has a wide companion WD, which would have been the nebula
progenitor (Bond et al. 2002), this would obviously provide the
ionizing source for the nebula. Alternatively, the CSPN may have
faded such that the nebula is seen in recombination (Exter et al.
2003). This would imply that the nebula is very old. It is difficult
to estimate the age of SuWt 2 as its distance is unknown, however,
based on the distance of 1 kpc to the double A-type binary derived
in Section 3.2, the kinematical age of the ring, assuming it is radially
expanding at 28 km s−1 , is approximately 7600 years which is not
particularly old for a PN. Therefore, if the central star has faded to
the extent that it can no longer ionize the surrounding nebula, this
would imply that SuWt 2 is considerably older and hence lies much
further away. Although this could offer a possible explanation as to
why the central star has yet to be directly observed, it is, however,
very unlikely as at such a distance the physical size of the nebula
would be extremely large.
A connection between the double A-type binary and SuWt 2
cannot be ruled out, and a detailed radial velocity study of the
binary system would hopefully shed more light on the nature of the
relationship between the two.
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ABSTRACT
We present time-resolved optical spectroscopy of V458 Vulpeculae (Nova Vul 2007 No. 1)
spread over a period of 15 months starting 301 d after its discovery. Our data reveal radial-
velocity variations in the He II λ5412 and He II λ4686 emission lines. A period analysis of
the radial-velocity curves resulted in a period of 98.096 47 ± 0.000 25 min (0.068 122 55 ±
0.000 000 17 d) which we identify with the orbital period of the binary system. V458 Vul
is therefore the planetary nebula central binary star with the shortest period known. We
explore the possibility of the system being composed of a relatively massive white dwarf
(M1  1.0 M⊙) accreting matter from a post-asymptotic giant branch star which produced
the planetary nebula observed. In this scenario, the central binary system therefore underwent
two common-envelope episodes. A combination of previous photoionization modelling of the
nebular spectra, post-asymptotic giant branch evolutionary tracks and the orbital period favour
a mass of M2 ∼ 0.6 M⊙ for the donor star. Therefore, the total mass of the system may exceed
the Chandrasekhar mass, which makes V458 Vul a Type Ia supernova progenitor candidate.
Key words: accretion, accretion discs – binaries: close – stars: individual: V458 Vul – novae,
cataclysmic variables.
1 IN T RO D U C T I O N
V458 Vul (Nova Vul 2007 No. 1) was discovered at 9.5 mag on
2007 August 8 (Nakano et al. 2007), shortly before peaking at V =
8.1. It is classified as a fast nova on the basis of its rapid 3-mag
brightness fall from maximum within 21 d, indicative of a relatively
massive (∼1 M⊙) white dwarf. In our first paper (Wesson et al.
2008, hereafter W08) we reported the discovery of a wasp-waisted
⋆E-mail: prguez@ing.iac.es
planetary nebula surrounding the r ′ = 18.34 nova progenitor, and
speculated about the possibility of the central binary star in V458
Vul being composed of a white dwarf and a post-asymptotic giant
branch (post-AGB) star which formed the planetary nebula. How-
ever, the lack of an accurate orbital period prevented any further
discussion. In addition, Goranskij et al. (2008) had suggested a
tentative orbital period of 0.59 d from photometric light curves. In
an attempt to measure a precise orbital period we started a time-
resolved spectroscopy campaign searching for the orbital signature
in the radial velocities of the emission lines. The results of this
campaign are presented in this Letter.
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Table 1. Log of the observations.
Date Telescope/ Grating Slit width Wavelength Exposure time Time coverage Dispersion Resolution
instrument (arcsec) range (s) (h) (Å pix−1) (Å)
2008 June 04 INT/IDS R300V 1.2 λλ3320–8400 300 5.7 1.9 5.0
2008 June 25 INT/IDS R632V 1.5 λλ4405–7150 300 3.3 0.9 2.8
2008 July 04 WHT/ISIS R1200B 1.0 λλ4929–5644 300 7.4 0.2 0.7
2008 October 13 INT/IDS R300V 1.0 λλ3288–8870 300 3.6 1.9 4.4
2008 October 14 INT/IDS R300V 1.0 λλ3294–8400 300 3.6 1.9 4.4
2008 November 11 WHT/ISIS R600B 1.0 λλ3584–5117 300 3.7 0.9 1.5
2009 May 25 INT/IDS R632V 1.2 λλ4500–6830 600 3.2 0.9 2.4
2009 July 21 WHT/ISIS R600B 1.0 λλ4500–4930 30 4.4 0.4 1.5
(QUCAM3)
2009 August 31 INT/IDS R632V 1.2 λλ4500–6830 600, 800 4.0 0.9 2.4
Notes on instrumentation: INT/IDS: 2.5-m Isaac Newton Telescope at Roque de los Muchachos Observatory (ORM), using the IDS with a
2000× 4000 pixel E2V CCD; WHT/ISIS: 4.2-m WHT at ORM, using the IDS and Imaging System with its 2000× 4000 pixel E2V CCD.
Figure 1. Average of 15 spectra taken with INT/IDS on 2008 June 4 (301 d
after the nova explosion). The arrow points to the He II λ5412 emission line,
which showed significant radial-velocity shifts while the line emission was
still dominated by the nova shell.
2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
The spectroscopic data were obtained with the Intermediate Dis-
persion Spectrograph (IDS) on the 2.5-m Isaac Newton Telescope
(INT) and the IDS and Imaging System (ISIS) on the 4.2-m William
Herschel Telescope (WHT), both on La Palma. The log of spectro-
scopic observations can be found in Table 1.
The spectra were reduced using the standard IRAF long-slit pack-
ages. The one-dimensional spectra were then extracted using the
optimal extraction algorithm of Horne (1986). Wavelength cali-
bration was performed in MOLLY1 by means of arc lamp spectra
frequently taken to guarantee an accurate wavelength solution. The
spectra were then flux calibrated and dereddened using E(B− V)=
0.63 (W08) using MOLLY. For the fast-spectroscopy QUCAM3 data
we averaged in blocks of 10 spectra in order to achieve a proper
signal-to-noise ratio for radial-velocity measurement.
3 EA R LY R A D I A L - V E L O C I T Y VA R I A B I L I T Y
The average optical spectrum of V458 Vul taken on 2008 June 4
(day 301 after the nova explosion) is shown in Fig. 1. It is mainly
dominated by emission lines of [Ne V], [Fe VII], He II and the hy-
drogen Balmer series. The round-topped profile of the He II λ5412
line attracted our attention during a first visual inspection of the
1http://www.warwick.ac.uk/go/trmarsh/software
line shapes. After normalizing the adjacent continuum, we cross-
correlated the individual He II λ5412 profiles with a Gaussian tem-
plate with a full width at half-maximum (FWHM) of 400 km s−1. We
found the radial velocity to vary between ∼−200 and 200 km s−1.
This radial-velocity variation indicated that at least one of the com-
ponents of the He II λ5412 emission forms in a binary system at the
core of the planetary nebula. This finding prompted further time-
resolved spectroscopy (see Table 1) in an attempt to measure its
orbital period.
4 TH E O R B I TA L P E R I O D O F V 4 5 8 V U L
4.1 Period analysis of the radial-velocity curves
We obtained radial-velocity curves of the He II λ5412 emission
line on 2008 June 25, July 4, October 13 and October 14. By that
time no He II λ4686 radial-velocity variation was detected. This
was not unexpected since the He II λ4686 line has to thin out (i.e.
shed some nova ejecta emission) before it starts to present the
same phenomenon as the weak, optically thin transition of the He II
λ5412 line. The He II λ4686 emission showed a clear modulation
by 2008 November. Therefore, we also measured radial veloci-
ties of this much brighter line on 2008 November 11 and 2009
May 25, July 21 and August 31. Before measuring the velocities,
the spectra were first rebinned to constant velocity increments and
continuum normalized. Radial velocities were then measured by
cross-correlation with a single Gaussian template. The FWHM of
the template used for a given night was adjusted so that the cleanest
radial-velocity curve was obtained, but it always varied between
400 and 1200 km s−1. The radial-velocity curve of V458 Vul ex-
hibits a quasi-sinusoidal modulation. The longest observation (over
7 h, 2008 July 4) covers over five cycles, and a sine fit to these data
results in a period of 0.067 31 ± 0.000 38 d and an amplitude of
115± 5 km s−1 (Fig. 2).
In order to refine the orbital period of V458 Vul we sub-
jected the radial-velocity measurements to a period analysis using
Schwarzenberg–Czerny’s (Schwarzenberg-Czerny 1996) variation
of the analysis-of-variance method implemented as ORT in MIDAS,
which fits periodic orthogonal polynomials to the phase-folded data.
The periodogram calculated from the 2008 July 4 data (Fig. 3, top
panel) exhibits a strong peak at 14.86 d−1, consistent with the re-
sult from the sine fit mentioned above. Next, we analysed the He II
λ5412 radial velocities, which represent about 2/3 of all our radial-
velocity data and were obtained with relatively frequent sampling
between 2008 June and October. The resulting periodogram (Fig. 3,
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Figure 2. He II λ5412 radial-velocity curve obtained with WHT/ISIS on
2008 July 4. The velocities were measured by cross-correlating the individ-
ual profiles with a Gaussian template of FWHM =400 km s−1. A sine fit to
the data results in a period of 0.067 31 ± 0.000 38 d and an amplitude of
115± 5 km s−1.
middle panel) contains the strongest peak at 14.68 d−1, and the ob-
served alias pattern is consistent with the window function resulting
from our temporal sampling. Finally, we analysed the combined
He II λ5412 and He II λ4686 data, which extend the total baseline
spanned by our observations to 430 d. The resulting periodogram is
characterized by a narrow spike at 14.68 d−1, consistent with period
determinations of the smaller radial-velocity subsets. No signal at
the period claimed by Goranskij et al. was found. A sine fit to the
whole data set results in P = 0.068 122 55 ± 0.000 000 17 d or
98.096 47± 0.000 25 min. The He II λ5412 and He II λ4686 veloci-
ties folded on the orbital period are shown in Fig. 3 (bottom panel).
Our results show that the period is coherent for 6341 cycles, sug-
gesting that it is a fixed clock in the system. We therefore identify
this period with the orbital period of the binary progenitor of nova
V458 Vul, which makes it the central binary system of a planetary
nebula with the shortest orbital period (see e.g. de Marco 2009, for
a list).
4.2 Trailed spectra diagrams
The long-term evolution of the He II λ5412 and He II λ4686 emission
lines is shown in Fig. 4. He II λ5412 started to reveal the orbital
motion of V458 Vul much earlier than He II λ4686. By 2009 May,
He IIλ4686 displayed an apparent orbital signal in the form of a clear
S-wave. Note that orbital phases were computed relative to the blue-
to-red velocity crossing of this S-wave, which would correspond to
the standard definition of the orbital phase if the S-wave originates
on the donor star. The trailed spectra diagram of this line also shows
high-velocity wings extending up to ∼±1000 km s−1. This might
indicate the presence of another emission component apart from the
dominant S-wave.
A deeper look at the 2009 May spectra revealed narrow emis-
sion components bluewards of He II λ4686 (see Fig. 5). The first
two, counting from He II λ4686, lie at rest wavelengths of ∼4640.6
and 4634.2 Å and have FWHM∼230 km s−1. These narrow lines,
reminiscent of the radiation-driven Bowen fluorescence lines used
to probe the motion of the irradiated donor star in X-ray binaries
(e.g. Steeghs & Casares 2002), are in phase with the He II λ4686
S-wave and their radial-velocity amplitudes are comparable within
what are necessarily substantial error bars. This lends further sup-
port to place these S-waves on the irradiated donor star. In V458
Vul, the white dwarf producing the nova explosion can provide
the EUV radiation needed to trigger the process. In fact, two N III
Figure 3. Top three panels: ORT periodograms of the single longest ob-
servation (see Fig. 2) of all the He II λ5412 radial velocities obtained
between 2008 June and October and of all the He II λ5412 and He II
λ4686 radial velocities obtained up to 2009 September. Bottom panel:
mean-subtracted and phase-folded He II λ5412 (green) and He II λ4686
(black) radial velocities. The time of zero phase (blue to red crossing) is
T0(HJD) = 245 4652.52694± 8× 10−5.
transitions take place at 4640.64 and 4634.13 Å, very close to the
observed lines. The other two emissions are likely the N V doublet
lines at 4603.74 and 4619.97 Å. If all these narrow lines originate
on the irradiated donor star, our adopted phase convention is the
correct one.
5 D I S C U S S I O N A N D C O N C L U S I O N S
In W08 we presented photoionization modelling of the nebular
spectra obtained before the nova explosion ionizing the planetary
nebula. This implied an ionizing source with effective temperature
Teff ≃ 90 000 K, luminosity Lbol ≃ 3000 L⊙ and radius R ≃
0.23 R⊙. In the same paper we showed that, based on the hydrogen-
burning evolutionary tracks of Vassiliadis & Wood (1994), this
requires a core mass of 0.58 M⊙ and an age since leaving the AGB
consistent with our estimated nebular expansion age of 14 000 yr.
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Figure 4. Evolution of the He II emission lines. Top panel: He II λ5412 trailed spectra diagrams. Bottom panel: He II λ4686 trailed spectra diagrams. Black
represents emission. No phase binning has been applied, with the exception of the QUCAM data taken on 2009 July 21. In this last diagram a full cycle has
been repeated for clarity.
The question now is which of the two stars is the progenitor of
the planetary nebula? The short orbital period of V458 Vul and the
age of its planetary nebula may seem at odds if one assumes the
system is actually a cataclysmic variable (CV) which evolved from
a much longer orbital period by losing angular momentum due to
magnetic wind braking (Verbunt & Zwaan 1981; Rappaport, Joss
& Verbunt 1983) and radiation of gravitational energy (Faulkner
1971; Paczyn´ski & Sienkiewicz 1981). The time it takes a CV to
evolve down to an orbital period of 98.1 min is of the order of a Gyr
(Rappaport et al. 1983). However, it is possible to get a short-period,
normal CV within a common envelope (e.g. the case of the young
pre-CV SDSS J005245.11−005337.2 in Rebassa-Mansergas et al.
2008), but producing a nova event in this scenario within 14 000 yr
is very unlikely.
This strengthens the possibility, as suggested by W08, of the
donor star in V458 Vul being actually an evolved star, i.e. a post-
AGB star. In such a case, the planetary nebula of V458 Vul may
have been ejected by the donor star instead of the accreting white
dwarf after a second common-envelope phase. As mentioned above,
the post-AGB donor would therefore have a mass of 0.58 M⊙.
Theoretical nova models (e.g. Prialnik & Kovetz 1995; Yaron
et al. 2005) agree that a minimum white dwarf mass M1 ∼ 1 M⊙
is required to trigger the thermonuclear runaway in fast novae like
V458 Vul. Observations, although scarce, point to a similar value
(Ritter & Kolb 2003). Hence, the total mass of V458 Vul may well
be 1.6 M⊙, above the critical Chandrasekhar mass, indicating that
it may become a Type Ia supernova if the white dwarf manages to
accumulate mass in the presence of nova eruptions.
Several other systems have been claimed as Type Ia supernova
progenitors. The subdwarf-B+white dwarf binary KPD 1930+2752
is among the best candidates, but its total mass is very close to the
critical mass (Maxted et al. 2000; Ergma, Fedorova & Yungelson
2001; Geier et al. 2007). The first He nova, V445 Puppis, may con-
tain a binary system composed of a massive white dwarf accreting
from a helium star companion (Woudt et al. 2009). The 3.9-h central
binary star of planetary nebula PNG135.9+55.9 (SBS 1150+599A)
has also been put forward (Tovmassian et al. 2010). In this case, a
post-AGB star and, presumably, a compact companion also amount
to a mass just close to the Chandrasekhar limit.
An obvious objection to our scenario is the fact that the post-
AGB donor star would have to fill its Roche lobe in order to sustain
mass transfer while it is still contracting. A star filling its Roche
lobe must obey an orbital period–mean density law, so we used the
evolutionary tracks of Blo¨cker (1995) in an attempt to find stellar
parameters which fit both the 98-min orbit of V458 Vul and the
results of our photoionization model. We find that a star with an
initial and final mass of 3 and 0.625 M⊙, respectively, on a helium
burning track at 14 000 yr, provides almost perfectly the measured
effective temperature, luminosity and radius of the ionizing source.
However, steady mass transfer (i.e. contact with the Roche lobe)
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Figure 5. Top: He II λ4686 trailed spectra diagram of the 2009 May run
after averaging into 40 phase bins. Contrast has been adjusted to highlight
the main S-wave (left) and the narrow components bluewards of He II λ4686
(right). Black represents emission and a full cycle has been repeated for
clarity. Bottom: Doppler-corrected average spectrum of the 2009 May run.
depends on the time-scales over which orbital angular momentum
is lost during the second common-envelope phase and contraction
of the post-AGB donor star takes place. Both processes have very
short and similar time-scales (of a few thousands years), making
the situation very difficult to quantify. Only further spectroscopic
search for spectral lines from both components of the binary system
may shed more light on to its dynamics and nature.
In conclusion, we have solidly measured an orbital period of
98.096 47 ± 0.000 25 min for V458 Vul. A plausible scenario ex-
plaining V458 Vul is that of a double common-envelope binary
system composed of a M1  1 M⊙ white dwarf (the accretor) and
a M2 ∼ 0.6 M⊙, post-AGB star (the donor) which expelled the
planetary nebula 14 000 yr ago. The total mass of the system may
therefore well exceed the Chandrasekhar mass which, in addition
to its close orbit, makes V458 Vul a Type Ia supernova progenitor
candidate.
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ABSTRACT
We present the first detailed spatiokinematical analysis and modelling of the planetary nebula
Abell 41, which is known to contain the well-studied close-binary system MT Ser. This object
represents an important test case in the study of the evolution of planetary nebulae with binary
central stars as current evolutionary theories predict that the binary plane should be aligned
perpendicular to the symmetry axis of the nebula.
Deep narrow-band imaging in the light of [N II] 6584 Å, [O III] 5007 Å and [S II] 6717+
6731 Å, obtained using ACAM on the William Herschel Telescope, has been used to investigate
the ionization structure of Abell 41. Long-slit observations of the Hα and [N II] 6584 Å emission
were obtained using the Manchester Echelle Spectrometer on the 2.1-m San Pedro Ma´rtir
Telescope. These spectra, combined with the narrow-band imagery, were used to develop
a spatiokinematical model of [N II] 6584 Å emission from Abell 41. The best-fitting model
reveals Abell 41 to have a waisted, bipolar structure with an expansion velocity of∼40 km s−1
at the waist. The symmetry axis of the model nebula is within 5◦ of perpendicular to the orbital
plane of the central binary system. This provides strong evidence that the close-binary system,
MT Ser, has directly affected the shaping of its nebula, Abell 41.
Although the theoretical link between bipolar planetary nebulae and binary central stars is
long established, this nebula is only the second to have this link, between nebular symmetry
axis and binary plane, proved observationally.
Key words: circumstellar matter – binaries: close – stars: mass-loss – stars: winds, outflows
– planetary nebulae: individual: Abell 41 – planetary nebulae: individual: PN G009.6+10.5.
1 IN T RO D U C T I O N
It has long been believed that planetary nebulae (PNe) result from an
early dense stellar wind, originating from the progenitor asymptotic
giant branch (AGB) star, being swept into a thin shell by a later fast
wind from the emerging white dwarf. Kahn & West (1985) later
⋆Based on observations made with the William Herschel Telescope oper-
ated on the island of La Palma by the Isaac Newton Group in the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Astrofı´sica de
Canarias.
†E-mail: david.jones-3@postgrad.manchester.ac.uk
extended this model, first developed by Kwok, Purton & Fitzgerald
(1978), showing that an equatorially enhanced AGB wind would
lead to the formation of an aspherical nebula. This model went on to
become known as the generalized interacting stellar winds (GISW)
model (see e.g. review by Balick & Frank 2002), though GISW is
not always consistent with observation of expansion velocity versus
ionization structure (see e.g. Meaburn et al. 2005). The mechanism
causing this anisotropic mass-loss is not yet clear. The most widely
accepted source of this anisotropy is for the central star of the
planetary nebula (CSPN) to interact with a binary partner (de Marco
2009). To produce the most extreme bipolar PN structures (e.g. that
of MyCn 18, the etched hourglass nebula, Bryce et al. 1997), it is
believed that the CSPN would have to form a common envelope
C© 2010 The Authors. Journal compilation C© 2010 RAS
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(CE) with its binary companion (Bond & Livio 1990). For a CE
to form, one component of the binary must accrete mass from its
Roche lobe filling partner more rapidly than it can thermally adjust
to the additional material, thus also filling its Roche lobe. After this
point, any further mass lost by the donor will go on to form a CE
surrounding both stars, and it is this CE which goes on to form the
high equatorial density required by the GISW model (Nordhaus &
Blackman 2006). This mechanism is seen as the most likely method
by which very close binaries (for example, cataclysmic variables)
are formed (Grauer & Bond 1983), because as the CE is ejected by
transfer of angular momentum, the binary spirals in, dramatically
shortening the period of the system.
Abell 41 (PN G009.6+10.5, α = 17h29m02.s03, δ =
−15◦13′04.′′4 J2000), discovered by Abell & Goldreich (1966), was
classified by Bond & Livio (1990) as elliptical under the classifica-
tion scheme of Balick (1987). However, deeper Hα+ [N II] 6584 Å
imagery reveals ‘that the nebular morphology exhibits an ‘H’’ shape
with the addition of fainter material forming a continuous loop’
(Pollacco & Bell 1997).
Photometric analysis of the CSPN, MT Ser, revealed it to be a
close binary, showing minima at regular intervals of 2h43m (Grauer
& Bond 1983). Bruch, Vaz & Diaz (2001) confirmed the binary na-
ture of MT Ser but were unable to accurately determine its orbital
parameters because they found two different models which fit the
observed data. (i) The binary consists of a hot subdwarf and a less
evolved secondary, in which case the period is 2h43m and the varia-
tions are due to a reflection effect (inclination i = 42.◦52± 1.◦73).1
(ii) The binary consists of two evolved, hot subdwarfs with a pe-
riod of 5h26m where the variability results from partial eclipses and
ellipsoidal variations (i = 65.◦7 ± 0.◦9). They determined the op-
timum parameters for each model, but concluded that only radial
velocity observations would be able to distinguish between the two.
Subsequent observation and modelling by Shimanskii et al. (2008)
confirmed the presence of two subdwarf components, but gave no
independent confirmation of the orbital inclination. Ogloza (2002)
presented photometric and radial velocity observations along with
modelling of MT Ser, independently determining an orbital incli-
nation of 72◦ ± 15◦, which is consistent with the second model of
Bruch et al. (2001, i = 65.◦7 ± 0.◦9). However, the values deter-
mined for the rest of the system parameters differ vastly, indicating
that any agreement should be treated with caution. Additionally, the
stellar temperatures derived by Ogloza (2002) are inconsistent with
the observational detection of two hot subdwarf binary components
(Shimanskii et al. 2008). Of the two models of Bruch et al. (2001)
and the model of Ogloza (2002), only the second model of Bruch
et al. (2001, i = 65.◦7±0.◦9) is consistent with photometric observa-
tions and the detection of two hot subdwarf central stars, indicating
that this is the most reliable modelling of the binary CSPN system.
In this paper we present long-slit spectroscopy of A 41, from
which, combined with narrow-band images, we derive a spatiokine-
matical model of the nebula, with the aim of understanding the
relationship between the nebula and MT Ser.
2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
Narrow-band images of A 41 were acquired using ACAM com-
bined with the 4.2-m William Herschel Telescope (WHT) on
1 Here, the inclination i is defined such that for i = 90◦ the orbital plane
would be in the line of sight (i.e. eclipsing).
2009 August 4 ([N II] 6584 Å and [O III] 5007 Å) and 2009 Au-
gust 29 ([S II] 6717+6731 Å). The seeing for both sets of obser-
vations did not exceed 0.9 arcsec. ACAM was employed in stan-
dard imaging mode without binning resulting in a pixel scale of
0.25 arcsec pixel−1, and using the [N II] 6584/21, Taurus 5009/15
and [S II] 6727/48 filters (ING filters #85, #108 and #86). Three
15-min exposures were taken in each filter, the data were bias cor-
rected, flat-fielded and cleaned of cosmic rays using STARLINK soft-
ware. STARLINK software was also used to remove the background
lunar contamination, arising due to the close proximity of A 41
to the Moon, from the [S II] 6717+6731 Å images. The resulting
images were then co-added and are shown in Fig. 1.
Spatially resolved, long-slit emission-line spectra of A 41 were
obtained with the second Manchester Echelle Spectrometer com-
bined with the 2.1-m San Pedro Ma´rtir Telescope (MES–SPM,
Meaburn et al. 2003). MES–SPM was used in its primary spectral
mode with a narrow-band 90 Å filter to isolate the Hα and [N II] 6548
and 6584 Å emission lines of the 87th echelle order. Observations
took place on two separate runs in 2004 and 2007 June, both with
the same instrument and set-up, using a SITe3 CCD with 1024 ×
1024 24-µm square pixels (≡0.31 arcsec pixel−1). All integrations
were of 1800 s.
Binning of 2 × 2 was adopted for all the spectral observations,
resulting in 512 pixels in the spatial direction (≡0.62 arcsec pixel−1)
and 512 pixels in the spectral direction (≡ 4.79 km s−1 pixel−1).
The slit used was 30-mm long (≡5 arcmin) and 150 µm wide
(≡2.0 arcsec and 15 km s−1).
Data reduction was performed using STARLINK software. The spec-
tra were bias corrected and cleaned of cosmic rays. The spectra were
then wavelength calibrated against a ThAr emission lamp. Finally,
the data were rescaled to a linear velocity scale (relative to the rest
wavelength of [N II] 6584 Å, taken to be 6583.45 Å) and corrected
to show heliocentric velocity, Vhel.
In total, five integrations were obtained, two with slits running
north–south, one with a position angle (PA) of 61.◦8 and further two
with PAs equal to 151.◦8. The slit positions are shown in Fig. 2, and
the spectra are shown in Fig. 3.
3 A NA LY SIS
3.1 Ionization structure
Fig. 1 shows A 41 in the light of (a) [N II] 6584 Å, (b) [O III] 5007 Å
and (c) [S II] 6717+6731 Å. In all three emission lines the nebula
displays roughly the structure remarked upon by Pollacco & Bell
(1997), an ellipse where the western and eastern edges (parallel to
the major axis of the apparent ellipse) appear much brighter than
the rest of the nebula. The northern side of the nebula also appears
brighter than the southern side at all three wavelengths. There are,
however, differences between its appearance in the three emission
lines; for example the ring-like feature at the centre of the nebula
[the horizontal in the H analogy from Pollacco & Bell (1997)] is
much more well defined in [N II] 6584 Å and [S II] 6717+6731 Å
than in [O III] 5007 Å. From the imaging alone it is unclear whether
this ring is actually a material ring or a projection effect caused
by the two lobes overlapping in the line of sight. It is also unclear
whether the lobes themselves are open ended or closed, as although
their edges appear brighter (indicative of a closed shell, due to more
nebular material in the line of sight), this effect is also seen in
open-ended nebulae (such as MyCn 18: Sahai et al. 1999).
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Figure 1. Deep ACAM–WHT images of A 41 in the light of (a) [N II] 6584 Å, (b) [O III] 5007 Å, (c) [S II] 6717+6731 Å and (d) [N II] 6584 Å divided by
[O III] 5007 Å, where black indicates a large ratio. Display scales have been chosen so as to highlight structural features referred to in the text.
The nebula appears comparatively brighter centrally in the light
of [O III] 5007 Å compared to [N II] 6584 Å and [S II] 6717+6731 Å
as shown by the ratio image in Fig. 1(d). Upon further inspection,
this central bright region in [O III] 5007 Å appears to be an internal
bipolar structure, although it is not clear whether this is just a line-
of-sight brightness effect or, in fact, a separate internal nebular shell
such as those seen in other nebulae (e.g. NGC 7009: Sabbadin et al.
2004 and Hen 2-104: Santander-Garcı´a et al. 2008). We note that
this feature can also be found in the Hα+[N II] image shown in
Miszalski et al. (2009, originally shown in Pollacco & Bell 1997).
The nebular position–velocity (PV) profiles also appear different
in the light of [N II] 6584 Å compared to Hα, even once the different
thermal widths of the two lines have been taken into account (see
Fig. 4). This ionization stratification is a common feature among
PNe, where the [N II] 6584 Å emission is seen to trace the outside
of the nebular shell whereas the Hα is relatively evenly distributed
throughout (see e.g. Gurzadyan 1997).
The nebular PV arrays also show the same brightness variations
across the nebula as the imaging, for example Slit 1 (Fig. 3a) shows a
bright partial velocity ellipse from the northern part of the nebula but
much fainter emission from the southern part. Slit 3 (Fig. 3c), which
lies approximately parallel to the major axis of the apparent nebular
ellipse, shows that the northern end of the nebula is redshifted
with respect to the south indicating that the nebular inclination is
such that the northern side of the nebula is pointed away from the
observer and the southern side is pointed towards the observer. The
Slit 3 echellogram also shows two separate emission regions from
the near and far sides of the nebular shell (i.e. no closed velocity
ellipse), suggesting that the nebula is open at both ends of this
symmetry axis. This is supported by the emission profile from the
C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 408, 2312–2318
318 The Influence of bCS on the Morphologies of PNe
Abell 41: shaped by a binary central star 2315
Figure 2. A deep ACAM–WHT image of A 41 in the light of [N II] 6584 Å
showing the positions of the five MES–SPM long slits.
slit perpendicular to Slit 3, Slit 5 (Fig. 3e), which shows a partial
velocity ellipse. The ellipse is not closed as a result of both the
open ended and inclined nature of the nebular shell, meaning that
the slit cuts across a region where only the blueshifted side of the
nebula is present. However, projection effects, surface brightness
and shell thickness variations could produce an apparently open
velocity ellipse from a closed shell, due to the sensitivity limits of
the observations.
The intrinsic nebular structure and variation in brightness across
the nebula are discussed further in Sections 3.2 and 3.4.
3.2 Spatiokinematical modelling of Abell 41
A spatiokinematical model, corresponding to the simplest three-
dimensional structure consistent with the large-scale nebular
[N II] 6584 Å emission features, has been derived for A 41.
[N II] 6584 Å emission was selected rather than Hα emission due
to its lower thermal broadening and its shell-like distribution (as
discussed in Section 3.1). The modelling was performed in order to
confirm the bipolar nature of the nebular shell and to constrain the
inclination angle of this shell, for comparison with the inclination
of the central binary (MT Ser). The model was developed using
SHAPE (Steffen & Lopez 2006) and by assuming a Hubble-type flow,
where expansion velocity is radial and proportional to the distance
from the centre of the nebula. The model parameters (dimensions,
shape, expansion scale velocity and inclination) were manually var-
ied over a wide range of values and the results compared by eye to
both spectral observations and imaging, until a best fit was found.
This best-fitting model comprises a bipolar shell waisted by an equa-
torial ring with an expansion velocity of ∼40 km s−1. The model
nebula is slightly asymmetric in that the northern lobe is shortened
by 15 per cent, has a narrower opening angle and has a slight shear
with respect to its southern counterpart. No symmetric model could
be found to reproduce the observed PV arrays. The nebular inclina-
tion angle, as defined by the unsheared southern lobe, is determined
to be 66◦ ± 5◦ [in excellent agreement with the value determined
by Pollacco & Bell (1997), by deprojecting the nebular ring]. The
model nebula is shown at the observed orientation in Fig. 5 and at
an inclination of 90◦, to highlight the asymmetry, in Fig. 6. The syn-
thetic PV arrays are shown, along with their observed counterparts,
in Fig. 3.
It is not unheard of for bipolar nebulae to show asymmetry
between the opposing lobes, both in the extension of the lobes
(e.g. NGC 6881: Ramos-Larios, Guerrero & Miranda 2008) and
their opening angles (e.g. OH231.8+4.2: Sa´nchez Contreras, Gil de
Paz & Sahai 2004). In comparison, the level of asymmetry shown
by A 41 is very low. One possible explanation for the asymmetry is
discussed in Section 3.4.
Also note that the equatorial expansion velocity of ∼40 km s−1
is unusually large for a bipolar nebula, though not exceptionally so
(Solf & Weinberger 1984; Weinberger 1989).
3.3 Systemic velocity and kinematical age
Comparison of synthetic model spectra to their observed counter-
parts provides an unambiguous measure of the nebular systemic he-
liocentric radial velocity (Vsys), unaffected, for example, by bright-
ness variations or nebular asymmetry (Jones et al. 2010). Using the
best-fitting model described in Section 3.2, V sys is determined to
be 30 ± 5 km s−1 in good agreement with the value of 30 km s−1
determined by Beaulieu, Dopita & Freeman (1999). Similarly, the
nebular expansion velocity, determined by the kinematical mod-
elling, can be used to calculate a kinematical age for the nebula.
This, however, requires the distance to the nebula to be known.
The distance to A 41 is a matter of some debate with values in
the literature ranging from ∼1 kpc (Grauer & Bond 1983) up to
9.0 ± 0.4 kpc (Shimanskii et al. 2008); this probably results from
the notorious variation in results from different methods of distance
determination (see e.g. Gurzadyan 1997). Therefore, rather than
favouring one particular distance estimate over another we quote a
kinematical age per kiloparsec of ∼800 yr kpc−1.
3.4 Evidence of ISM interaction
The asymmetries in both brightness and shape (discussed in Sec-
tions 3.1 and 3.2) could be thought of as strong evidence for inter-
action with the interstellar medium (ISM). Consider, if the nebulae
were moving through the ISM with the northern lobe at the leading
edge, it would be reasonable to expect to see this lobe brightened
(through shock excitation) and less extended (due to the greater
drag) with respect to its relatively unimpeded southern counterpart.
This brightening and lesser extension is precisely what is borne out
by the data and subsequent modelling. Similarly, if the motion of
the nebula, with respect to the ISM, were not along the symmetry
axis but slightly offset, then this would also offer an explanation for
the ‘shear’ seen in the northern lobe (i.e. the shear is as a result of
the eastern side of the lobe being impeded by the ISM more than the
western side), and indeed the brightness contrast across that lobe
(eastern edge brightened with respect to the western edge).
We do not see any evidence of a bow shock in any of our ob-
servations, which might be expected to be particularly prevalent in
the [O III] 5007 Å image (Wareing, Zijlstra & O’Brien 2007). How-
ever, the relatively low levels of asymmetry in the nebula indicate
that any interaction is fairly weak, implying a slow relative velocity
consistent with no bow shock.
The ratio of [S II] 6717+6731 Å to [N II] 6584 Å provides a good
tracer for shock excitation which might be expected to arise from
interaction with the ISM (Phillips & Cuesta 1998). However, the
close proximity of the Moon to A 41 during the [S II] 6717+6731 Å
imaging detailed in Section 2, and the uncertain nature of the sub-
traction of this background, means we are unable to accurately
C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 408, 2312–2318
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Figure 3. Comparison of observed [N II] 6584 Å PV arrays and synthetic equivalents: (a) observed and synthetic PV arrays of Slit 1, (b) observed and synthetic
PV arrays of Slit 2, (c) observed and synthetic PV arrays of Slit 3, (d) observed and synthetic PV arrays of Slit 4 and (e) observed and synthetic PV arrays of
Slit 5. The slit positions are as shown in Fig. 2, and the velocity axis on all plots is heliocentric velocity, Vhel.
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Figure 4. PV arrays of Slit 3 (as shown in Fig. 2) in the light of (a) Hα
with white contours marking the 95th, 97th and 99th percentiles and (b)
[N II] 6584 Å convolved to the same thermal width as that of Hα (assuming
Te = 104 K, the original [N II] 6584 Å PV array is shown in Fig. 3c).
Figure 5. The synthetic SHAPE model for the N II emission from A 41 dis-
played at the same scale as those images in Fig. 1.
assess the [S II] 6717+6731 Å to [N II] 6584 Å ratio of this nebula.
Similarly, given the proper motion and V sys of A 41 it would be
possible to determine the motion of the nebula relative to the local
ISM (assumed to be due to Galactic rotation, as in Meaburn et al.
2009). The direction of this motion could then be used to assess
the validity of this hypothesis, unfortunately we are unable to per-
form this analysis as no proper motion measurements exist for this
nebula.
Also, of interest is the apparent location of the central star, which
one would expect to be offset towards the leading edge of the nebula
by any interaction between nebula and ISM (in the case of A 41
offset roughly towards the north of the nebula). In fact, in our
imagery it is slightly offset to the south of the centre of the nebular
ring, at odds with this hypothesis.
Figure 6. The synthetic SHAPE model for the N II emission from A 41 dis-
played at an inclination of 90◦.
4 C O N C L U S I O N S
Using high-resolution long-slit spectroscopy and deep imaging, a
spatiokinematical model of A 41 has been developed which clearly
shows that the nebula is aligned with the binary central system ex-
actly as predicted by current theories of PN shaping by binary central
stars. This is only the second nebula to have this link observation-
ally constrained (after A 63, Mitchell et al. 2007). The kinematical
data confirm that A 41 exhibits a waisted, bipolar structure, with
some small deviations from perfect axisymmetry. The presence of
an equatorial ring is also confirmed, adding further weight to the
link between ring structures and central binary stars as commented
on by Miszalski et al. (2009).
The data indicate that A 41 may be experiencing an interaction
with the ISM and this too may be affecting its shape and brightness.
Further kinematical investigations, such as the one presented in
this paper, coupled with in-depth studies of the CSPN of other
PNe with confirmed close-binary central stars, are necessary to
investigate the full extent of the influence of central star binarity on
PN nebular shaping. Only once a significant statistical sample has
been acquired can generalizations be made about the role of CSPN
binarity in PN evolution.
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ABSTRACT
Context. The link between how bipolar planetary nebulae are shaped and their central stars is still poorly understood.
Aims. This paper investigates the kinematics and shaping of the multipolar nebula M 1−75, and briefly discusses the location and
nature of its central star.
Methods. Fabry-Perot data from GHαFAS on the WHT that samples the Doppler shift of the [N] 658.3 nm line are used to study
the dynamics of the nebula by means of a detailed 3D spatio-kinematical model. Multi-wavelength images and spectra from the WFC
and IDS on the INT, as well as from ACAM on the WHT, allowed us to constrain the parameters of the central star.
Results. The two pairs of lobes, angularly separated by ∼22◦, were ejected simultaneously approx. ∼3500−5000 years ago, at the
adopted distance range from 3.5 to 5.0 kpc. The larger lobes show a slight degree of point symmetry. The formation of the nebula could
be explained by wind interaction in a system consisting of a post-AGB star surrounded by a disc warped by radiative instabilities.
This requires the system to be a close binary or a single star that engulfed a planet as it died. On the other hand, we present broad-
and narrow-band images and a low S/N optical spectrum of the highly-reddened, previously unnoticed star that is likely the nebular
progenitor. Its estimated V − I colour allows us to derive a rough estimate of the parameters and nature of the central star.
Key words. planetary nebulae: general – planetary nebulae: individual: M 1–75 – planetary nebulae: individual: PN G068.8-00.0 –
ISM: kinematics and dynamics
1. Introduction
Planetary nebulae (PNe) represent the terminal breath of 90%
of the stars in the Universe. However, their shaping mecha-
nism is still poorly understood. Bipolar PNe present undoubt-
edly the most challenging case. Several attempts have been made
to explain how they are shaped (see the review by Balick &
Frank 2002), which break spherical symmetry by invoking el-
ements that fall in two distinct categories: a) rapid stellar ro-
tation and/or magnetic fields (e.g. García-Segura et al. 1999;
Blackman et al. 2001); and b) a close interacting companion
to the star (e.g. Nordhaus & Blackman 2006; for a review see
de Marco 2009). The latter hypothesis seems to be gaining some
⋆ Based on observations made with the 4.2 m William Herschel
Telescope and the 2.5 m Isaac Newton Telescope, both operated on
the island of la Palma by the Isaac Newton Group of Telescopes in the
Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofísica de Canarias.
ground as close binary systems are progressively being found
(e.g. Miszalski et al. 2009; Miszalski et al., in prep.) at the cores
of bipolar PNe.
Spatio-kinematical modelling of PNe constitutes an excel-
lent tool for testing theoretical models. It provides us with im-
portant parameters to be matched by the different models of for-
mation, such as the 3D morphologies and velocity fields of the
outflows, their kinematical age (once disentangled from the dis-
tance to the nebula) and their orientation to the line of sight.
M 1–75 (PN G068.8-00.0, α = 20 04 44.086 δ = +31 27
24.42 J2000) is a good example of a complex nebula. It dis-
plays a seemingly irregular horseshoe-like central region, out of
which two systems of faint lobes emerge. It was first classified as
quadrupolar by Manchado et al. (1996b), and a tentative attempt
to recover its kinematic parameters was made by Dobrincˇic´ et al.
(2008).
In this paper we present Fabry-Perot interferometry of
M 1–75, from which we derive a detailed spatio-kinematical
Article published by EDP Sciences Page 1 of 8
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Fig. 1. Channel #17 of the GHAFAS datacube, showing the blue-shifted
upper side of the horseshoe (centre). The faint emission from the large
lobe extending northwest is contaminated by a broad arc-shaped arti-
fact which spans over several channels. A fainter version of the horse-
shoe itself is replicated as a ghost near the top left corner of the frame.
Additionally, several channels are slightly contaminated by Hα emis-
sion from adjacent orders. These artifacts, however, do not prevent a
proper modelling of the nebula (see Sect. 3).
model (Sect. 3). We also report the first imaging and spectro-
scopic detection of its central star (Sect. 4). We then discuss
both results and their implications in the formation of the nebula
(Sect. 5).
2. Observations and data reduction
2.1. Fabry-Perot interferometric data
The [N] 658.3 nm emission of M 1-75 was scanned with
GHαFAS (Galaxy Hα Fabry-Perot System) on the 4.2 m WHT
(William Herschel Telescope) on July 6, 2007, as part of its
commissioning programme. The nebula was observed in high-
resolution mode with the OM4 etalon (resolving power R ∼
18 000, effective finesseℑe = 24) and a plate scale of 0.′′2 pixel−1.
The free spectral range was 8.62 Å or 392 km s−1 split into
48 channels, thus leading to a velocity step of 8.16 km s−1
per channel. The total exposure time of the scanning was
1.9 h, and the seeing 0.′′8. The instrumental response function
(IRF) was measured by fitting a Lorentzian to the profile of a
Neon lamp line and resulted in an instrumental width (FWHM)
of 18.6 km s−1.
The data were reduced following the standard procedure for
GHαFAS data, which are described in Hernandez et al. (2008).
Several artifacts persisted through the data reduction process.
These include slight contamination by Hα emission from adja-
cent orders (specially in the first and last channels of the dat-
acube), a ghost of the inner region of the nebula, and an arc-
shaped artifact which runs across several channels, at different
locations (see Fig. 1).
Table 1. Log of the broad and narrow-band imaging observations.
Date Telescope/ Filter Band Exp. time Seeing
Instrument ref. (s)
2009 Jun. 11 WHT/ACAM #17 I 3 × 120 1.′′4
2009 Jun. 12 INT/WFC #201 Str. Y 2 × 600 1.′′3
2009 Jun. 12 INT/WFC #197 Hα 120 1.′′3
2009 Sep. 10 INT/WFC #204 U 1200 1.′′6
2009 Sep. 10 INT/WFC #204 B 1200 1.′′6
2009 Sep. 10 INT/WFC #204 V 1800 1.′′6
2009 Sep. 10 INT/WFC #204 I 600 1.′′6
2009 Sep. 10 INT/WFC #204 Str. Y 600 1.′′6
2.2. Broad and narrow-band imaging
Several images of M 1–75 in the light of different filters (U, B, V ,
I, Hα and Strömgren Y) were taken with ACAM (Auxiliary-port
Camera) on the WHT and with the WFC (Wide Field Camera)
on the 2.5 m INT (Isaac Newton Telescope). The log of the ob-
servations can be found in Table 1.
All these data were reduced following standard IRAF1
procedures.
2.3. Long-slit spectroscopy
An 3600 s spectrum with the slit at parallactic angle (PA = 284◦),
crossing the centre of the inner nebula, was taken with IDS
(Intermediate Dispersion Spectrograph) on the INT on March 9,
2009. The R300V grating was used, centered at 540 nm and
effectively covering from 430 to 810 nm at a resolving power
R ∼ 1500. The slit width was 1′′, while the seeing was 1.′′8.
HD 192281 was chosen as the standard star to account for flux
and sensitivity calibration.
A low-resolution (resolving power R ranging from 290 and
570), 40 min spectrum of M1-75 was taken with ACAM on the
WHT on June 11, 2009, with the 400 lines mm−1 transmission
VPH (Volume Phase Holographic) disperser, covering the wave-
length range between 350 and 950 nm. The 1′′ wide slit was
positioned at PA = 0◦ in order to get the light from the two cen-
tral star candidates (see Sect. 4). The seeing was 2.′′8, and the
standard star was HD 338808.
The spectra were de-biased, flat-fielded, distortion-corrected
and wavelength calibrated (from copper-argon and copper-neon
arc lamps) using standard IRAF routines. After extraction of the
selected nebular and central star features from the orthogonal
2D spectra, the 1D spectra were telluric and sensitivity corrected
using the spectrum of the spectrophotometric standard star.
3. An improved spatio-kinematical model
The GHαFAS [N] 658.3 nm integrated image of M 1–75 is
shown in Fig. 2. While no central star (CSPN) is visible in this
image, the nebula clearly shows two pairs of lobes with different
orientations. They are nested in a central, brighter rim resem-
bling a horseshoe. Both systems of lobes appear distorted and
fragmented, and their faint outer edges are difficult to track near
the poles.
The lobes of M 1–75 were the subject of a spatio-kinematical
model by Dobrincˇic´ et al. (2008). From two slit spectra, approx-
imately along each pair of lobes, a [N] image from Manchado
et al. (1996a), and simple assumptions such as ballistic ex-
pansion, they determined the larger and smaller lobes to lie at
1 IRAF is distributed by National Optical Astronomy Observatories.
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Fig. 2. Left: GHAFAS datacube integrated across every channel to generate a [N] image of M 1−75. Middle: adopted model of the small and
large lobes (see text) as seen on the plane of the sky. Right: transversal view of the adopted model.
inclinations of 87◦ and 65◦, respectively, and to be likely co-
eval, with kinematical ages of 2700 and 2400 years per kpc of
distance to the nebula, respectively.
Fabry-Perot interferometry (and GHαFAS, in particular) rep-
resents a significant step forward in spatio-kinematical mod-
elling of planetary nebulae. Not only does it allows for a res-
olution in wavelength comparable to high-resolution echelle
spectrographs, but also the series of “Doppler-map” images it
produces span the whole nebula, instead of being limited by a
narrow slit whose orientation has to be decided a priori based
on previous images. From the spatio-kinematical point of view,
a single GHαFAS data cube encompasses everything that is
needed (i.e. information of the emission both in the plane of the
sky and along the line of sight), its quality being only limited
by seeing.
In particular, it is worth noticing the faint, high veloc-
ity emission regions offset from the axis of the larger lobes
(see Fig. 3), near the polar caps (especially in the southwest re-
gion). Those certainly would have remained unnoticed, had we
been constrained by a narrow slit oriented along the lobes’ “ex-
pected” axis.
3.1. Solf-Ulrich model
The data cube, with Doppler-shift images spread across 48 chan-
nels, allowed us to build a spatio-kinematical model of both sys-
tems of lobes (see Santander-García et al. 2004, for a detailed
description of the method). Our first approach for each pair of
lobes consisted of fitting a Solf-Ulrich (Solf & Ulrich 1985) sur-
face to the data. This analytical model is described, in spherical
coordinates, by:
r = tD−1[vequator + (vpolar − vequator) sin |θ|γ]
where r is the angular distance to the centre of the nebula (i.e. the
adopted central star, see Sect. 4), tD−1 the kinematical age of
the outflow per unit distance to the nebula, vpolar and vequator
the velocities of the model at the pole and equator respectively,
θ the latitude angle of the model, and γ a dimensionless shaping
factor. This assumes that each gas particle travels in the radial
Fig. 3. Two GHαFAS channels with the initial Solf-Ulrich model of the
large lobes overimposed (in red). The V label shows the radial velocity
(with respect to the centre of the nebula) of the corresponding chan-
nels. The size of each frame is 96′′ × 96′′. The emission near the poles
(specially the southern one) presents a significant offset from the model
symmetry axis.
direction, with a velocity proportional to its distance to the cen-
tral source (i.e. in a “Hubble-like” flow).
The two-dimensional generatrix is rotated around the sym-
metry axis and homogeneously populated with particles to
Page 3 of 8
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Fig. 4. GHαFAS data of M 1–75 with the Solf-Ulrich model of the small lobes overimposed (in red). The size of each frame is 96′′ × 96′′ .
produce a three-dimensional model, and then inclined to the
plane of the sky. The resulting geometrical shape and velocity
field – once offset by a certain systemic velocity – are then used
to generate a simplified image of the nebula and a series (one per
GHαFAS channel) of Fabry-Perot synthetic interferometric im-
ages for direct comparison with the [N] integrated image and
GHαFAS channels data. The irregular surface brightness distri-
bution is beyond the scope of this paper and therefore has not
been fitted.
In order to find the best representation of the nebular geome-
try and expansion, we allow the parameters to vary over a broad
range of values and visually compare each resulting model to
the integrated image and each of the 48 GHαFAS channels, until
we obtain the best fit. The range of uncertainty is also derived
by eye, by individually changing each parameter away from the
best fit, until the resulting model is no longer a fair fit to the data.
Note that, although the inclination of each pair of lobes cannot be
directly determined from the horseshoe – a clearly non-elliptical
waist –, this fact does not prevent us from finding its value with
certain degree of accuracy, given that the aforementioned pa-
rameters are disentangled from one another in the results they
produce (i.e. there are no degeneracies in the resulting model).
A fair overall fit to the data was obtained for the large and
small lobes (Figs. 3 and 4), although the model of the former
does not account for the offset emission near the poles. The sys-
temic velocity of both system of lobes was found to be vsysLSR ∼
13 ± 4 km s−1. They were also found to share a similar kine-
matical age of ∼1000 yr kpc−1, within uncertainties. The orien-
tations on the sky are instead different – the larger lobes lie in-
clined 58◦ to the line of sight, while the inclination of the smaller
pair is 79◦. Note that these results (ages, velocities and inclina-
tions) are essentially different from the fit by Dobrincˇic´ et al.
(2008), resulting from two slit positions. We were unable to fit
a model with their parameters to the GHαFAS data. As their
model is based just on two slits rather than the 2D full kinemat-
ical information present in the GHαFAS data this is possibly to
be expected. The parameters corresponding to our best results
for the smaller and larger lobes, together with the uncertainties,
are shown in Tables 2 and 3 respectively.
However, no standard Solf-Ulrich model can reproduce the
high-velocity emitting region offset from the larger lobes axis.
Instead, a modified, point-symmetric Solf-Ulrich model can ac-
count for these structures while still fairly fitting the inner
regions.
Page 4 of 8
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Table 2. Best-fitting parameters for the small lobes. “:” means
uncertain.
Parameter Value Range
Small lobes
tD−1 (yr kpc−1) 925 (800–1000)
vequator (km s−1) 15–20 (:)
vpolar (km s−1) 105 (90–125)
γ 4.5 (4–5)
PA (◦) 359 (355–1)
i (◦) 79 (76–82)
vsysLSR 13 (11–15)
3.2. Point-symmetry, modified Solf-Ulrich model
In order to find a better fit to the GHαFAS data, we introduced
the following modified Solf-Ulrich model:
r = tD−1[vequator + (vpolar − vequator) sin |θ|γ(θ)]
where γ(θ) is described by
γ(θ) = γequator + (γpolar − γequator)
(
2θ
π
)ǫ
where γequator and γpolar are the values of the shape factor γ at the
equator and poles respectively, while ǫ is the power of the de-
pendence (i.e. 1 linear, 2 quadratic, etc.). This dependence of γ
on the latitude, although increasing the number of free parame-
ters, allows us to better sample the degree of collimation of the
nebula at different latitudes.
The next step was adding point-symmetry to the model. We
achieved this in a simple way by defining the nebular axes x, y, z
(x along the line of sight towards the viewer, y towards the right,
and z upwards along the nebula main axis), and then horizontally
projecting the model’s z axis on to curves given by
x′ = kx zp
and
y′ = ky zp
where kx and ky are constants, and p is an odd integer (so that
it produces a point-symmetric structure). The modified model
allows two independent degrees of point symmetry, along the
x and y axes, respectively (in a corkscrew fashion). We finally
rotated the model by a φ angle around the z axis before inclin-
ing it to the line of sight and produced the synthetic image and
GHαFAS channel data as described in Sect. 3.1.
Only the large lobes were fit with this model. The best fit val-
ues along with their uncertainties – fully consistent with the stan-
dard Solf-Ulrich model except for the curvature – are listed in
the lower part of Table 3. Almost all the emission from the large
lobes, including the aforementioned offset region, was found to
be faithfully accounted for by the latter model (see Fig. 5), which
added a slight corkscrew-like curvature.
4. The central star
The WFC Strömgren Y image (see Fig. 6 top right), where the
nebular emission is practically absent, shows two faint stars in-
side the horseshoe region of the nebula. The star labelled as A
is offset ∼5′′ with respect to star B, which lies approximately at
the centre of the nebular emission. In order to gain some insight
Table 3. Top: best-fitting parameters for the large lobes using a standard
Solf-Ulrich model. Bottom: best-fitting parameters for the large lobes
using a point-symmetric, modified Solf-Ulrich model.
Parameter Value Range
Large lobes
Solf-Ulrich model
tD−1 (yr kpc−1) 1000 (900–1150)
vequator (km s−1) 25 (23–31)
vpolar (km s−1) 180 (160–200)
γ 7 (6.5–7.5)
PA (◦) 337 (336–339)
i (◦) 58 (54–63)
vsysLSR 13 (11–15)
Point-symmetric model
tD−1 (yr kpc−1) 1000 (900–1100)
vequator (km s−1) 25 (23–31)
vpolar (km s−1) 190 (170–210)
γequator 1 (1–3)
γpolar 14 (13–15)
ǫ 0.6 (0.55–0.7)
PA (◦) 338 (337–339)
i (◦) 58 (55–62)
kx 2 × 10−5 (1–3) × 10−5
ky 8 × 10−5 (6–9) × 10−5
p 3 –
φ (◦) 166 (150–185)
vsysLSR 13 (11–15)
on the possibility of either star being the CSPN, we took multi-
colour (U, B, V and I) WFC images of the nebula (see Fig. 6)
and an ACAM 40 min low-resolution spectrum of both star can-
didates. Unfortunately, the spectrum of each star only shows the
nebular emission lines together with a continuum whose signal
to noise is too low (∼10−15) to allow us to detect any photo-
spheric spectral signatures of a white dwarf. Instead, once the
nebular emission has been accounted for, we can estimate the
visual magnitudes of both stars. This results in mv ∼ 19.3 for
star A and mv ∼ 21.4 for star B.
On the other hand, star A is barely visible in the images in
the light of the U and B bands, and clearly visible in the V and
I bands, while star B is only visible in the latter bands. Although
those bands are highly contaminated by strong emission from
the nebula, we were able to roughly estimate the V − I colour
of star B. In order to do this, we added 7 rows (∼1.5 × FWHM)
centred on the star and with PA = 138◦, where the nebular con-
tamination is minimum. For each image, a gaussian was fitted to
the star profile, taking a linear fit between the base of the wings
of the profile as background. Once the quantum efficiency of
the detector (EEV 4280), the filter transmissions and the atmo-
spheric extinction have been taken into account, we found an
observed V − I ∼ 2.0 for star B.
The dereddening of this value is not straightforward, due to
the extinction variation across the nebula. The extinction values
found in the literature range from cb = 2.29 to cb = 2.9 (Hua
1988; Bohigas 2001) from the Balmer decrement for different
regions of the nebula. From our own ACAM and IDS spectra,
we computed an extinction value cb = 1.9 ± 0.1 at the location of
star B, close to the values found by other authors. If we assume
the star to lie within the nebula, we can deredden its V − I colour
using the Fitzpatrick (2004) extinction law, assuming R = 3.1,
to obtain an intrinsic (V − I)0 ∼ 0 for star B.
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Fig. 5. GHαFAS data of M 1–75 with the modified Solf-Ulrich, point-symmetric model of the large lobes overimposed (in red). The size of each
frame is 96′′ × 96′′ . The brightness/contrast of channels #17 to #29 have been modified to provide a better display of the central region, although
the noise from the background has also been amplified as a result. The horseshoe ghost is clearly visible near the top left corner in several channels,
while the arc-shaped artifact can be seen progressively crossing the frame towards its centre.
5. Discussion
5.1. The shaping of the nebula
Our spatio-kinematical modelling confirms the presence of two
pairs of nested lobes in the nebula of M 1−75, although with
essentially different velocities and ages from those found by
Dobrincˇic´ et al. (2008). For reasons outlined in Sect. 3, we
consider our results more reliable. The outer lobes show some
evidence of departure from axial symmetry in the polar re-
gions, which we have modelled by applying a slight degree of
Page 6 of 8
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Fig. 6. Multiband images of M 1–75. Each frame is labelled according
to the instrument, band and exposure time. Stars A and B (see text) are
labelled in the Strömgren Y image, where the emission from the nebula
is practically absent.
point-symmetry to an axisymmetric flow. The inner lobes show
a different orientation; the spatial angle between their symme-
try axes is ∼22◦. The expansion pattern of both systems of lobes
is adequately described by a simple Hubble-flow law. In other
words, each lobe is the result of a brief, organised shaping pro-
cess, followed by ballistic expansion. Both systems of lobes
share the same age, within uncertainties.
As the lobes expand, their inner regions would interact and
lose their integrity in the process, as shocks progressively con-
vert their kinetic energy to heat. This could explain the bro-
ken and essentially irregular structure of the central horseshoe.
However, the presence of shocks in the horseshoe is controver-
sial: Guerrero et al. (1995) and Riera (1990) found some indica-
tions that shock excitation in the horseshoe does not play a sig-
nificant role in the shaping, while Bohigas (2001) found proof of
shock wave excitation of the H2 emitting region, which is tightly
correlated to that emitting in [N ]. On the other hand, the slight
twist at the polar tips of the outer lobes appear to follow the same
ballistic expansion pattern as the rest of the structure, thus not
arising late in the evolution of the nebula. This could be a clue
to the stellar ejection process, perhaps happening in a rapidly
rotating frame.
Given all the aforementioned, it is not trivial to depict a for-
mation scenario for M 1−75. The classic Generalised Interacting
Stellar Winds model (GISW, Balick et al. 1987; a refined version
of the original ISW by Kwok et al. 1978) model. In this model,
the isotropic, fast and tenuous wind from a post asymptotic giant
branch (AGB) star interacts with the anisotropic, slow and dense
winds previously deployed by the star during the AGB stage and
shapes a bipolar nebula, is not sufficient to explain either the
presence of a multipolar structure, or the slight degree of point-
symmetry of the larger lobes. Instead, one has to invoke a mech-
anism such as the warped-disc proposed by Icke (2003): if the
post-AGB is surrounded by a disc, warped by radiative insta-
bilities, the wind interaction could result in a multipolar neb-
ula with some degree of point-symmetry in the external regions
(e.g. NGC 6537). The origin of the disc itself (i.e. the necessary
equatorial density enhancement), however, would still require ei-
ther the CSPN to be actually a close binary, or to have engulfed
one of its planets as it died. A more complex approach is that of
Blackman et al. (2001), in which a low-mass companion origi-
nates a disc blowing its own wind. A misalignment between the
stellar and disc magnetic and rotational axes could give rise to
a quadrupolar structure, while the point-symmetry observed in
the tips of the larger lobes would require precession of the mag-
netic axes. We consider the model proposed by Manchado et al.
(1996b), in which a fast precessing disc is responsible for the
different orientation of each structure, as a less likely scenario,
for it would require both structures to have been ejected in ex-
tremely rapid succession (in ∼300−500 yr to still fit our spatio-
kinematical model uncertainties, considering the distance range
adopted below and the spatial angular separation of the inner
and outer lobes), and it would not explain the point-symmetryic
structure.
It is noteworthy that all these models require the CSPN to
be/have been a close-binary system (or at least a single star with
a close massive hot Jupiter) for the disc to have formed. There is,
to our knowledge, no plausible model in the extensive literature
able to produce a quadrupolar (not to mention point-symmetric)
PN out of a single star.
5.2. The central star
Although it constitutes the cornerstone for many parameters of
PNe and their central stars, such as the kinematical age of the
nebula or their total luminosity, the distance to these objects is
poorly known in most cases. M 1−75 is no exception. In the
literature one can find several distances based on different meth-
ods, such as the statistical distance range, 2.6−3.7 kpc by Cahn
et al. (1992), or the Galactic rotation curve distance of 5.3 kpc
by Burton (1974). The more recent extinction-distance method
of Sale et al. (2009), easily applicable to the INT Photometric
Hα Survey (IPHAS) data sample and reliable in most PNe
(Giammanco et al., in prep.), does not help in the case of nebu-
lae with a significant amount of internal extinction. In the case
of M 1−75, the extinction value lies far above the plateau of the
field stars in the extinction-distance graph, confirming a signifi-
cant internal extinction in this nebula (another possibility would
be that stellar Hα, possibly from a cooler companion, scatters
from dust in or near the inner horseshoe, thereby increasing the
Hα/Hβ ratio; this is ruled out, however, by this ratio in the core
being lower than in the horseshoe). Given the lack of evidence
favouring a particular distance estimate, rather than adopting a
specific distance we will consider a more conservative, interme-
diate distance range between 3.5 and 5.0 kpc.
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Probably due to its internal extinction, so far there has
been no clear evidence of the CSPN of M 1−75, other than
a slight enhancement of the isophotes in an [O ] image
(Hua 1988). Our images in the light of Strömgren Y, fol-
lowed by low resolution spectra, have detected two candidates
to CSPN (Fig. 6), stars A and B (at the position pointed
out by Hua), of apparent magnitudes mv ∼ 19.3 and 21.4
respectively. Unfortunately, the low signal to noise ratio in
a 40 min spectrum with ACAM (∼15 in the continuum of the
brightest star around 700 nm) prevents us from detecting and
analysing any photospheric features, leading us to think that any
future research on these stars will require an 8-m class telescope.
Although several nebulae have offset CSPN, it is unlikely
that star A is the central star of M 1−75. Even in the most
extreme case known (MyCn 18; Sahai et al. 1999), the star
is nowhere in contact with the equatorial waist of its nebula.
In fact, to explain such an offset (∼5′′), one would need to in-
voke a high proper motion central star travelling ∼10−20 km s−1
faster than its own nebula since the ejection, 3500−5000 yr ago
at the adopted distance range. The nebula would have to have
been heavily braked by interaction with the ISM, being distorted
in the process. However, making a simple extrapolation from
the PN-ISM interaction models for a round nebula by Wareing
et al. (2007), every symmetry in the system would have been
long lost at such a late stage of interaction.
Therefore we can safely rule out star A and assume star B,
at the centre of the nebula, as the CSPN of M 1−75. The visual
magnitude we have derived for this star is consistent with the
estimate by Hua (1988) who, assuming a distance of 2.8 kpc
(Acker 1978), suggested a hot (log Teff = 5.3) core with a mass
of about 0.57−0.6 M⊙ and a luminosity of log L/L⊙ = 2.36. The
kinematical age of the nebula found in this work is coherent
with the luminosity and Teff of the fading evolutionary track of a
hydrogen-burning high-mass (∼0.6−0.8 M⊙) core (Schönberner
1993; Mendez & Soffner 1997).
Based on the extremely high N/O = 2.85 and He/H = 0.18
of the nebula, Guerrero et al. (1995) hinted towards the possibil-
ity of the CSPN actually being a post-common envelope close
binary with a total initial mass between 4 and 6 M⊙. In fact, the
(V − I)0 ∼ 0 colour estimated in this work is considerably redder
than the value of V − I = −0.9 one would expect from a single
blackbody of log Teff = 5.3. This might suggest the presence of
a fainter (Lbol < 10−3 × LbolWD ), much colder (Teff <∼ 10 000 K)
companion star, as together they would produce V − I and lumi-
nosities coherent with the observations. This would be consistent
with the increasing number of confirmed binary cores hosting
bipolar PNe (Miszalski et al. 2009; Miszalski et al., in prep.),
but would need to be proved via a direct method (e.g. photomet-
ric monitoring).
6. Summary and conclusions
A spatio-kinematical model of the M 1–75 nebula has been pre-
sented. Two pairs of lobes emerge from the core, their expan-
sion patterns well described by a Hubble-like flow, their kine-
matical ages (∼1000 yr kpc−1) being similar within uncertain-
ties, while their orientations differ by ∼22◦. The outer lobes have
been found to be slightly point-symmetric. The implications of
these results on the different formation theories have been briefly
discussed, and a model invoking a close companion star (or a hot
Jupiter planet) has been favoured.
On the other hand, the V − I colour and brightness of the
CSPN – first identified in this work – are compatible with
the presence of a close companion provided its Teff is less
than 10 000 K and its luminosity less than 10−3 times that of
the white dwarf.
Acknowledgements. M.S.G. would like to thank Mariano Santander for his help
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ABSTRACT
IPHASX J194359.5+170901 is a new high-excitation planetary nebula with remarkable char-
acteristics. It consists of a knotty ring expanding at a speed of 28 km s−1, and a fast collimated
outflow in the form of faint lobes and caps along the direction perpendicular to the ring. The
expansion speed of the polar caps is ∼100 km s−1, and their kinematical age is twice as large
as the age of the ring.
Time-resolved photometry of the central star of IPHASX J194359.5+170901 reveals a
sinusoidal modulation with a period of 1.16 d. This is interpreted as evidence for binarity of
the central star, the brightness variations being related to the orbital motion of an irradiated
companion. This is supported by the spectrum of the central star in the visible range, which
appears to be dominated by emission from the irradiated zone, consisting of a warm (6000–
7000 K) continuum, narrow C III, C IV and N III emission lines, and broader lines from a flat H I
Balmer sequence in emission.
IPHASX J194359.5+170901 helps to clarify the role of (close) binaries in the formation
and shaping of planetary nebulae (PNe). The output of the common-envelope (CE) evolution
of the system is a strongly flattened circumstellar mass deposition, a feature that seems to be
distinctive of this kind of binary system. Also, IPHASX J194359.5+170901 is among the first
post-CE PNe for which the existence of a high-velocity polar outflow has been demonstrated.
Its kinematical age might indicate that the polar outflow is formed before the CE phase. This
points to mass transfer on to the secondary as the origin, but alternative explanations are also
considered.
Key words: binaries: close – stars: winds, outflows – ISM: abundances – ISM: jets and
outflows – planetary nebulae: individual: IPHASX J194359.5+170901.
⋆E-mail: rcorradi@iac.es
1 IN T RO D U C T I O N
The IPHAS Hα survey of the Northern Galactic plane (Drew et al.
2005) provides a wealth of new information about emission-line
C© 2010 The Authors
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Figure 1. The NOT images of IPHASX J194359.5+170901 in a log intensity scale. The field of view is 70 × 110 arcsec2 in each frame. North is up and east
is left.
sources. Among them, a large number of planetary nebulae (PNe)
are being discovered (Viironen et al. 2009; Sabin et al. 2010, in
preparation). Two main objectives can be generally pursued using
the IPHAS data on PNe. The first is to determine the global proper-
ties of PNe, such as their population size in the Galactic plane and
related issues (stellar death rate, global yields, relative contribution
of the different morphological classes and their distribution in the
disc, etc.). The second objective is to find and study new objects be-
longing to rare morphological or chemical subclasses, or that have
other outstanding characteristics. IPHASX J194359.5+170901 is
one of these distinctive new PNe. It is among the brightest new
IPHAS PNe in the list of Sabin et al. 2010, in preparation, and its
characteristic morphology made it a prime candidate in our ongoing
programme looking for binary central stars based on the emerging
morphological trends identified with nebulae around close bina-
ries (Miszalski et al. 2009b). In the following, we present imaging,
spectroscopy and time-resolved photometry which allow us to de-
termine geometrical, kinematical, physical and chemical properties
of the nebula, and to reveal the existence of a close binary central
star. This provides a new clarifying example of the relevance of
interactions in close binaries for the shaping of PNe – an important
and long-standing problem in the field (see De Marco 2009).
2 O B S E RVAT I O N S
IPHASX J194359.5+170901 was discovered as a new candidate
PN from images of the IPHAS survey obtained in 2005 (Sabin
et al. 2010, in preparation). Deeper and higher resolution images
were secured at the 2.6-m Nordic Optical Telescope (NOT) and the
ALFOSC spectro-imager on la Palma on 2007 September 3.
The filter central wavelengths and full width at half-maximum
(FWHM), and the corresponding selected nebular emission lines,
were 6589/9 Å ([N II] 6583), 6568/8 Å (Hα 6563) and 5007/30 Å
([O III] 5007). Note that the red filters are narrow enough that no
contamination of the [N II] lines occurs in the Hα filter and vice
versa. In each filter, the exposure time was 20 min. The spatial scale
of the ALFOSC instrument is 0.19 arcsec pixel−1, and seeing was
0.6 arcsec FWHM for the Hα and [N II] images, and 0.8 arcsec for
[O III]. The NOT images are shown in Fig. 1.
With the same instrumentation, medium-resolution long-slit
spectra centred on Hα were obtained on the same night and in
the following one. Grism #17 was used, which provides a spectral
dispersion of 0.25 Å pixel−1, a resolution of 0.7 Å (FWHM) with
the adopted slit width of 0.5 arcsec, and a coverage from 6375 to
6745 Å. The slit was positioned through the central star of the neb-
ula at several position angles (PAs), namely at PA = 20◦, 34◦, 55◦,
300◦, 330◦ and 355◦, in order to map the knotty inner ring-like
structure (Fig. 2, upper panel). Exposure times were 10 min, except
for the spectrum through PA = +34◦, where it was 1 h.
A lower resolution spectrum of the nebula and its central star
was obtained on the 2007 July 17 with the 4.2-m William Herschel
Telescope (WHT) telescope and the double-arm ISIS spectrograph.
The long slit of ISIS was opened to 1-arcsec width and positioned at
PA= 121◦, roughly along the major axis of the ring, passing through
the central star and the brightest knot on its north-west (NW) side
(Fig. 2, lower panel). In the blue arm of ISIS, grating R300B was
used, providing a dispersion of 0.86 Å pixel−1, a resolution of 3 Å
and a spectral coverage from 3200 to 5400 Å. In the red arm, grating
R158R gave a dispersion of 1.82 Å pixel−1, a resolution of 6 Å and
a spectral coverage from 5400 to 10000 Å. Note however that due
to the dichroic used to split the blue and red lights, and to vignetting
inside the spectrograph, flux calibration is uncertain in the range
from 5300 to 5600 Å, and above 9200 Å. Total exposure times were
40 and 60 min in the blue and red arms, respectively. Seeing was
0.8 arcsec. Several spectrophotometric standards from Oke (1990)
were observed during the night, while arcs were only obtained
during daytime, a fact that limits the precision of the wavelength
calibration.
C© 2010 The Authors, MNRAS 410, 1349–1359
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Figure 2. Position of the slits used for spectroscopy at the NOT (top) and
at the WHT (bottom) are shown over a 30 × 30 arcsec2 zoom of the [N II]
and [O III] images, respectively, with linear intensity scale. In the latter, the
central star (CSPN) and the two regions of the nebula discussed in the text
are indicated.
Time-resolved photometry in the Sloan Digital Sky Survey
(SDSS) i band of IPHASX J194359.5+170901 was performed dur-
ing 2009 with the 1.2-m Mercator telescope and its MEROPE cam-
era, the 2.5-m Isaac Newton Telescope (INT) and its Wide Field
Camera (WFC), and the 0.8-m IAC80 and its CAMELOT camera.
The time coverage of each set of images was different, while the
individual exposure times were chosen to ensure a signal-to-noise
ratio (S/N)∼ 120 on the integrated emission from the central star. In
the case of the MERCATOR/MEROPE observations, the time cov-
erage was split into two blocks separated by several hours to better
sample variability. The log of the photometric observations can be
found in Table 1. Magnitudes obtained with different telescope/filter
combinations were matched to the INT SDSS i photometric system
using field stars. The data are listed in Table 2.
All data were reduced using standard routines in IRAF.
3 M O R P H O L O G Y, K I N E M AT I C S , G E O M E T RY
A N D O R I E N TAT I O N
The morphology of the nebula (Fig. 1) is similar in the Hα and [O III]
emission: it consists of a diffuse, elliptical or perhaps spindle-like
inner body, whose brightest regions are in the form of a knotty ellip-
Table 1. Log of the photometric observations of IPHASX J194359.5+
170901.
Date Instrument Filter Exp. time Coverage
(2009) (s) (min)
Aug 25 MEROPE Cousins I 200 2 × 25
Aug 28 MEROPE Cousins I 200 2 × 20
Aug 31 MEROPE Cousins I 200 2 × 60
Sep 1 MEROPE Cousins I 200 60+15
Sep 2 MEROPE Cousins I 200 75
Sep 10 CAMELOT Johnson I 600 90
Oct 25 WFC SDSS i 60 180
Table 2. SDSS i magnitudes of the central
star of IPHASX J194359.5+170901. A small
sample is provided below, the full table be-
ing available in the electronic version of the
article (see Supporting Information).
HJD i-mag Error
245 5069.452 360 17.90 0.02
245 5069.455 140 17.91 0.02
245 5069.457 900 17.89 0.02
245 5069.460 670 17.87 0.02
245 5069.463 420 17.87 0.02
245 5069.466 190 17.86 0.02
245 5069.468 930 17.89 0.02
245 5069.471 730 17.87 0.02
245 5069.535 730 17.69 0.02
245 5069.538 470 17.69 0.02
245 5069.541 210 17.68 0.02
245 5069.543 990 17.70 0.02
245 5069.546 760 17.71 0.02
. . . .
tical ring with a long axis of about 13 arcsec. Along the orthogonal
direction, faint emission traces a roughly cylindrical structure end-
ing in two slightly brighter, irregular ‘polar’ caps at about 1 arcmin
from the central star. As typical of this kind of structure (Gonc¸alves,
Corradi & Mampaso 2001), the ring’s knots and their faint outward
tails, as well as the polar caps, are most evident in the low-ionization
[N II] emission. This striking [N II] morphology led to the object’s
nickname, ‘the Necklace nebula’ (Sabin et al. 2010, in preparation).
The kinematics and 3D structure of the nebula were studied by
means of the Doppler shift of the [N II] 6583 line (which has a
smaller thermal broadening than Hα) in the NOT spectra. The [N II]
line-of-sight velocities at the position of the ring’s knots are well
fitted (Fig. 3) by a circular expanding ring with the following pa-
rameters: ring radius r= 6.5± 0.5 arcsec, inclination to the plane of
the sky i= 59◦ ± 3◦ (where i= 0◦ is the ring in the plane of the sky
and i = 90◦ is in the line of sight), major axis of the ring projected
on the sky at PA = 122◦ ± 3◦, expansion velocity V ring = 28 ±
3 km s−1 and systemic velocity Vsys = 45 ± 2 km s−1, corrected to
the local standard of rest. The distance-dependent age of the ring,
assuming no acceleration, is tD−1ring = 1100 yr kpc−1.
The [N II] velocities of the polar caps are shown in Fig. 4. As-
suming that they are located along the polar axis of the ring, their
deprojected mean velocities are 115 km s−1 for the southern cap,
and 95 km s−1 for the northern one.
Their age/distance parameter tD−1caps is between 1900 (part of the
southern cap closer to the star) and 2800 yr kpc−1 (outermost region
of the southern cap). This is roughly twice as large as for the ring.
C© 2010 The Authors, MNRAS 410, 1349–1359
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Figure 3. The ring’s kinematical fit. Top: dots indicate the positions at
which radial velocities are measured, i.e. the intersection of the NOT slits
with the brightest part of the ring. Bottom: dots are the corresponding [N II]
line-of-sight velocities. Solid lines show the fit to the data with an inclined,
circular expanding ring with the parameters quoted in the text.
Thus, in the simple hypothesis of ballistic motions, the caps must
have been ejected before the ring. The lack of a clear increase of
speed with distance from the central star along each cap might also
suggest a continuous ejection process that lasted for a significant
length of time, during a now extinct jet phase perhaps.
The limited resolution and depth of the NOT spectra do not allow
us to perform a kinematical study of the faint emission extending
from the ring to the caps.
We conclude that the morphology of the
IPHASX J194359.5+170901 nebula is that of an ‘equatorial’
ring, where most of the emission (ionized mass) is concentrated,
from which faint lobes depart, ending in low-ionization ‘polar’
caps.
4 C H E M I C A L A BU N DA N C E S
The WHT spectrum was used to compute the physical and chem-
ical properties of the nebula. Three regions were considered (see
Fig. 2, bottom panel): the central star (CSPN), discussed in the next
Figure 4. The observed [N II] velocities in the polar caps (dots). The dotted
line shows the variation of velocities with distance from the central star,
assuming a proportionality law with a slope fixed by the expansion speed of
the ring.
section; the inner nebula contained within a distance from 1.6 to
4.0 arcsec on both sides of the CSPN and the bright NW knot ex-
tending from 5.0 to 8.4 arcsec on the NW side of the CSPN. The
emission-line fluxes for the nebular regions are listed in Table 3: the
errors quoted include both the uncertainty in the flux of each line
(Poissonian, detector and background noise) and the determination
of the instrumental sensitivity function for flux calibration.
The logarithmic extinction at Hβ, cβ , was computed from the
hydrogen Balmer decrement by averaging the results from the ob-
served Hα/Hβ, Hγ /Hβ, and Hδ/Hβ ratios (weighted by their er-
rors) in the two nebular regions. Owing to the high excitation of the
nebula, the hydrogen Balmer lines are contaminated by unresolved
He II Pickering lines at a level of 6 per cent for the inner nebula
and 4 per cent for the knot. This contribution does not significantly
affect the calculation of cβ , but must be subtracted when the ele-
mental abundances are computed (see below).1 The extinction law
by Fitzpatrick (2004) with R = 3.1 was adopted. The theoretical
Balmer line ratios were derived from Blocklehurst (1971) for elec-
tron temperatures as determined below. We obtained cβ = 0.55 ±
0.06, corresponding to AV = 1.19 ± 0.12. Line fluxes dereddened
using this cβ and the Fitzpatrick’s extinction law are also listed in
Table 3.
The nebula of IPHASX J194359.5+170901 is of high excitation.
In the inner nebula, after dereddening [O III] 5007 is the strongest
line followed by [Ne V] 3426. He II 4686 is stronger than Hβ, indi-
cating the highest excitation class (10) according to the scheme set
out by Dopita & Meatheringham (1990). In the NW knot, excitation
is slightly lower as He II and [Ne V] are relatively weaker, albeit the
[O III]/Hβ ratio is larger than in the inner nebula. This suggests, as
confirmed by the chemical analysis below, that most of the oxygen
in the inner nebula is in higher ionization stages which are not ob-
served in the optical. This also holds for other elements including
nitrogen and sulphur. In the knot, neutral species like [O I] and [N I]
are also present. The mixture of high- and low-ionization atoms is
only partly caused by the superposition along the line of sight of the
high-excitation gas belonging to the main body of the nebula with
the relatively lower ionization of the ring’s knots.
The electron densities Ne were computed from the [S II]
6731/6717 line ratio and, in the inner nebula, also from the [Ar IV]
1 Note that fluxes in Table 3 are the observed ones, and include the contri-
bution of the He II lines to the H I emission.
C© 2010 The Authors, MNRAS 410, 1349–1359
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Table 3. Observed (Fobs) and dereddened (Fder) nebular emission line fluxes, relative to Hβ = 100 and their errors. H Balmer lines include the contribution
of He II Pickering lines (see text).
Identification λobs Inner nebula NW knot
(Å) Fobs Error (per cent) Fder Error (per cent) Fobs Error (per cent) Fder Error (per cent)
He II 3203.1 3201.1 25.6 7 46.8 9 18.1 8 33.0 10
[Ne V] 3345.4 3344.3 59.9 4 102.0 7 7.7 10 13.1 12
[Ne V] 3425.5 3424.6 173.8 3 286.4 6 19.6 4 32.2 7
O III 3444.1? 3442.5 3.0 15 5.0 16
[O II] 3726+3729 3726.8 6.0 20 8.9 21 84.4 3 125.0 5
H I 3750.1 3749.6 1.8 24 2.6 24
He I 3756.1blend 3755.8 2.9 18 4.3 19
H I 3770.6 3770.6 2.8 11 4.1 12
H I 3797.9 3797.3 3.7 14 5.3 15 3.5 9 5.1 10
H I 3835.3 3835.0 4.9 9 7.0 10 4.4 7 6.2 8
[Ne III] 3869.0 3868.5 25.0 4 35.4 5 78.3 3 110.7 5
H I 3889.0 3888.8 7.8 7 10.9 8 10.3 5 14.4 6
[Ne III]+He II 3968.0 18.8 5 25.7 6 36.0 3 49.1 5
He II 4025.6 4025.8 1.3 24 1.7 24
[S II] 4068.6 4068.7 4.0 8 5.3 8
[S II] 4076.3 4076.6 1.0 20 1.3 20
H I 4101.7 4101.7 20.1 4 26.2 5 19.9 4 25.9 5
He II 4199.8 4200.5 1.9 25 2.4 25 1.1 25 1.4 25
H I 4340.5 4340.5 39.7 3 47.5 4 38.5 3 46.0 4
[O III] 4363.2 4363.3 7.9 7 9.4 7 13.9 4 16.5 4
He I 4471 4471.8 2.3 11 2.6 11
He II 4541.6 4541.5 3.6 12 4.0 12 2.6 10 2.9 10
He II 4685.7 4685.7 105.2 3 111.6 3 79.6 3 84.4 3
[Ar IV] 4711.4 4711.6 17.1 4 18.0 4 9.3 4 9.8 4
[Ar IV] 4740.2 4740.1 12.6 5 13.1 5 6.9 5 7.1 5
H I 4861.4 4861.2 100.0 3 100.0 3 100.0 3 100.0 3
[O III] 4958.9 4958.8 179.3 3 173.7 3 436.8 3 423.1 3
[O III] 5006.8 5006.7 534.6 3 510.0 3 1280.7 3 1221.6 3
[N I] 5199 5198.6 3.7 9 3.4 9
He II 5411.5 5411.9 9.4 30 7.9 30 7.5 30 6.3 30
[Cl III] 5517.7 5518.0 1.2 33 1.0 33 2.2 15 1.8 15
[Cl III] 5537.9 5538.5 0.7 47 0.6 47 1.8 19 1.5 19
[N II] 5754.64 5754.8 4.2 6 3.2 6
He I 5875.6 5875.7 1.8 29 1.3 29 8.2 6 6.2 6
[O I] 6300.3 6300.1 19.8 3 13.4 5
[S III] 6312.1 6312.1 4.8 7 3.3 8 9.8 4 6.6 6
[O I] 6363.8 6363.7 6.7 4 4.4 6
[Ar V] 6434.7 6435.2 7.2 5 4.7 7 1.1 18 0.7 18
He II 6527.1 6526.6 1.9 20 1.2 20
[N II] 6548.1 6547.9 5.3 8 3.4 9 93.7 3 60.2 6
H I 6562.8 6562.7 416.8 3 267.1 6 460.0 3 294.8 6
[N II] 6583.4 6583.2 12.7 4 8.1 7 298.1 3 190.2 6
He I+He II 6679.3 3.8 7 2.4 8
He II 6683.2 6682.3 2.1 18 1.3 18
[S II] 6716.4 6716.3 3.9 8 2.4 10 48.2 3 29.9 6
[S II] 6730.8 6730.6 3.3 11 2.1 12 51.7 3 32.0 6
He II 6890.9 6890.9 1.5 25 0.9 25 1.4 17 0.9 18
[Ar V] 7005.4 7005.9 17.1 4 10.1 7 2.6 10 1.5 11
He I 7065 7064.9 2.6 9 1.5 11
[Ar III] 7135.8 7135.7 23.9 3 13.8 7 57.3 3 33.0 7
[Ar IV]+He II 7175.6 2.1 13 1.2 14
[O II] 7319 7319.1 7.1 5 4.0 8
[O II] 7330 7329.6 5.7 5 3.2 8
[Cl IV] 7530 7529.8 1.6 24 0.9 25 1.7 18 0.9 19
He II 7592.7 7592.3 3.1 24 1.7 25 1.9 36 1.0 37
[Ar III] 7751.1 7750.9 5.6 7 2.9 10 15.0 4 7.9 8
[Cl IV] 8046.3 8045.9 4.9 8 2.5 11 3.2 9 1.6 12
He II 8236.8 8236.9 5.3 7 2.6 10 4.5 7 2.2 11
H I 8545.4 8545.2 1.1 28 0.5 29
H I 8598.4 8598.5 1.6 28 0.8 29 2.1 12 1.0 15
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Table 3 – continued
Identification λobs Inner nebula NW knot
(Å) Fobs Error (per cent) Fder Error (per cent) Fobs Error (per cent) Fder Error (per cent)
H I 8665.0 8664.6 1.2 21 0.6 23 2.4 10 1.1 13
H I 8750.5 8750.2 2.3 22 1.1 24 2.4 13 1.1 15
H I 8862.8 8862.1 3.4 13 1.6 15
H I 9014.9 9014.3 3.6 15 1.6 17 4.0 9 1.8 12
[S III] 9068.6 9068.8 46.3 3 20.9 9 109.4 3 49.4 9
4711/4740 ratio. The electron temperature Te was computed from
the [O III] (5007+4959)/4363 ratio and, in the NW knot, also
the [N II] (6583+6548)/5755 ratio. The NEBULAR package in IRAF
(Shaw & Dufour 1995) was used, and results are listed in Table 4.
Other indicators of density ([Cl III] 5518/5538) and temperature
([O II] (3726+3729)/(7320+7330), [S II] (6717+6731)/4072, [S III]
(9069+9532)/6312) are available in the spectra, but the associated
errors (from both the line measurements and the uncertainty on
temperature/density) are much larger than for the adopted diagnos-
tic ratios, and were therefore not used. The [N II] Te in the knot is
2000 K lower than the [O III] Te: this is typical of high-excitation
PNe (Kingsburg & Barlow 1994; Perinotto & Corradi 1998), as
is the quite large value of Te in the inner nebula. Densities in
IPHASX J194359.5+170901 are conversely relatively low.
Given the temperatures and densities, the ionic abundances rela-
tive to hydrogen for all elements but helium were computed from
the line fluxes relative to Hβ using the IONIC task in IRAF. Before the
ionic abundances are computed, the contribution of the He II 8–4
Pickering line has been subtracted from the Hβ line.
For the knot’s spectrum, we have adopted the observed [O III] Te
for medium- and high-excitation species (doubly ionized metals or
in higher ionization stages), and the [N II] Te for the lower ionization
species. For the inner nebula, the [N II] Te is not determined directly,
and a value of 11 000 ± 2000 K was adopted. This is similar to
the electron temperature in the knot’s spectrum, fits the empirical
relationship between Te([N II]) and Te([O III]) and the He II4686
line intensity of equation (2) in Kingsburg & Barlow (1994), and is
slightly larger than predicted by equation (3) of Kingsburg & Barlow
(1994) and by Magrini et al. (2003). The concentration of helium
ions relative to hydrogen was derived from the usual recombination
lines assuming case B with the effective recombination coefficients
from Hummer & Storey (1987) for the He II and Hβ lines, and from
Benjamin, Skillman & Smits (1999) for the He I lines.
Errors were derived by propagating both the errors in the line
measurement and those on the adopted temperature and density.
When the ionic abundance of an element is estimated from several
independent emission lines, the weighted mean and its standard
deviation were computed. To obtain the total abundances, we used
the ionization correction factors (icf s) listed in Alexander & Balick
(1997), whose primary source is Kingsburg & Barlow (1994). For
chlorine, we adopt the icf formulation by Kwitter & Henry (2001).
Errors on the total abundances are obtained by propagating the
errors on the mean ionic abundances as well as on the icf s. Ionic
and total abundances, and their errors, are listed in Table 4. Note
that the total abundances in the inner nebula are not quoted for any
element except helium. This is because most of the gas is in high-
ionization stages which are not measured, making the icf s (120
for nitrogen!) and their errors, and thus the computed abundances,
very large. The problem is less severe in the lower ionization NW
knot.
Table 4. Physical conditions and chemical abundances in the
IPHASX J194359.5+170901 nebula. Total abundances of most metals in
the inner nebula are not quoted, given their large icf s (see text).
Inner nebula NW knot
[S II] Ne 360+380−240 cm−3 820+140−120 cm−3
[Ar IV] Ne 370+800−370 cm−3
[O III] Te 14800+530−460 K 12960+460−400 K
[N II] Te [11000+2000−2000 K]a 10920+420−380 K
He+/H+ 0.011 ± 0.003 0.052 ± 0.005
He2+/H+ 0.105 ± 0.016 0.077 ± 0.009
He/H 0.116 ± 0.016 0.129 ± 0.010
(11.06)b (11.11)b
O+/H+ × 104 0.025+0.044−0.014 0.43 ± 0.13
O2+/H+ × 104 0.59 ± 0.06 2.00 ± 0.20
icf(O) 1.83 ± 0.15
O/H ×104 4.45 ± 0.57
(8.64)b
N+/H+ × 104 0.015+0.009−0.004 0.30 ± 0.03
icf(N) 10.36 ± 3.40
N/H ×104 3.11 ± 1.07
(8.49)b
log (N+/O+) −0.23 ± 0.60 -0.15 ± 0.20
Ne2+/H+ × 104 0.098 ± 0.015 0.45 ± 0.08
Ne4+/H+ × 104 0.71 ± 0.10 0.13 ± 0.02
icf(Ne)c 2.23 ± 0.36
Ne/H × 104c 1.00 ± 0.24
(8.00)b
Ne/H × 104d 1.21 ± 0.15 0.87 ± 0.12
(8.08)b (7.94)b
Ar2+/H+ × 106 0.57 ± 0.06 1.81 ± 0.19
Ar3+/H+ × 106 1.10 ± 0.10 0.79 ± 0.07
Ar4+/H+ × 106 0.94 ± 0.10 0.18 ± 0.03
icf(Ar) 1.11 ± 0.04
Ar/H ×106 3.08 ± 0.26
(6.49)b
S+/H+ × 106 0.093 ± 0.036 1.29 ± 0.21
S2+/H+ × 106 2.33 ± 0.45 7.02 ± 1.40
icf(S) 1.56 ± 0.46
S/H ×106 13.98 ± 4.43
(7.15)b
Cl2+/H+ × 107 0.37 ± 0.12 1.07 ± 0.19
Cl3+/H+ × 107 1.01 ± 0.20 0.80 ± 0.49
icf(Cl) 2.48 ± 0.31
Cl/H ×107 4.64 ± 1.42
(5.67)b
a Adopted (see text).
b Total abundances expressed as log (X/H) + 12.
c Ne/H = icf × (Ne2+/H+) (Kingsburg & Barlow 1994).
d Ne/H = 1.5 × (Ne2+/H++Ne4+/H+) (Kingsburg & Barlow 1994).
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Figure 5. The folded light curve of the IPHASX J194359.5+170901 central star.
According to the chemical abundances computed in the ring’s
knot, IPHASX J194359.5+170901 is located just on the side of
type I PNe in the He/H versus N/O diagram, within the range
covered by bipolar PNe (Perinotto & Corradi 1998). However, the
N/O and He/H overabundances are mild and their errors are non-
negligible. Abundances for the other elements are typical of the
majority of PNe (cf. table 3 in Perinotto & Corradi 1998 and table
14 in Kingsburg & Barlow 1994).
5 TH E B I NA RY C E N T R A L S TA R
5.1 Light curve
The central star’s coordinates are RA=19h43m59.s51 and Dec.=
+17◦09′00.′′9 (J2000). Its light curve in the i band from data in
Table 2, folded on the period determined below, is shown in Fig. 5.
The photometric data set was subjected to a period analysis using
Schwarzenberg-Czerny’s (Schwarzenberg-Czerny 1996) analysis-
of-variance (AOV) method implemented in MIDAS. The AOV pe-
riodogram shows the strongest peak at ∼0.86 cycle d−1, which
corresponds to a period of 1.16 d. A sine fit to the whole data set
results in P = 1.16136 ± 0.00002 d, an i-band amplitude (defined
as half the peak-to-peak variation) of 0.747 ± 0.002 mag (among
the largest known in this class of objects) and an average magnitude
of 17.199 ± 0.002 mag. The fit is shown as a dotted line in Fig. 5.
Uncertainties quoted above are the formal errors of the fit: a better
sampling of the curve at all phases is needed to refine the period
and fix the error. In any case, we take the observed CSPN vari-
ability as a clear indication of binarity, the brightness modulation
being the result of observing the irradiated side of a companion,
heated by the hot core that ejected the PN, at different angles during
the orbital motion. This is supported by the spectrum presented in
next section. Within this hypothesis, maximum brightness occurs
at 245 5075.7780 ± 0.0007 (HJD), at orbital phase  = 0.5 i.e. at
inferior conjunction of the hot component.
The amplitude of reflection effect seen here is at the high end,
but compatible with those seen in a range of young post-common
envelope (CE) binaries (Aungwerojwit et al. 2007).
5.2 The irradiated spectrum
The spectrum of the CSPN is shown in Fig. 6. It consists of a con-
tinuum slowly declining with increasing wavelength and a rich set
of emission lines. In the figure, the contribution from the extended
nebula was subtracted by interpolating nebular regions on the oppo-
site sides of the CSPN and as close to it as possible. The subtraction
is generally accurate, except at the wavelengths of the brightest neb-
ular lines (mainly He II4686, Hβ and Hα). At the resolution (3 Å)
and S/N ratio (∼25) of the blue side of our spectrum, no absorption
lines from the hot ionizing CSPN are detected (the feature at He II
4686 is likely a nebula subtraction residual). The phase of the orbital
period for this spectrum is not known, as the period parameters are
not precise enough to trace it back to 2007.
As in similar close binary CSPNs (e.g. BE UMa, P = 2.3 d;
Ferguson & James 1994), the high order lines of the H I Balmer and
(fainter) Paschen sequences are observed in emission. The Balmer
decrement, which has a better S/N ratio and resolution, is remark-
ably flat from Hγ to the highest order transitions. Information for
Hβ and Hα is limited by the uncertainty in the subtraction of the
overlapping nebula, as mentioned above, but the two lines are def-
initely weaker than Hδ. In BE UMa, this flat Balmer decrement is
explained as an optical depth effect in the dense irradiated atmo-
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Figure 6. The blue (top) and red (middle) parts of the WHT spectrum of the central star of IPHASX J194359.5+170901. At the bottom, a zoom of the blue
side of the spectrum around the blend at 4650 Å is displayed.
sphere of the secondary (Ferguson & James 1994). The high-order
Balmer lines are resolved (FWHM ∼ 5 Å, after correcting for the
instrumental width) which can be explained by Stark broadening.
As in BE UMa, the Balmer jump is seen in emission.
The spectrum shows a number of narrow (unresolved) emission
lines, which are also assumed to come from the irradiated side
of the secondary. The most prominent group is the blend around
4650 Å (bottom panel of Fig. 6). Given the presence of strong O III
lines at 3131 and 3444 Å, the origin of some lines of this blend
may be explained by the Bowen fluorescence mechanism (Bowen
1934), which would result in the formation of the N III lines ob-
served at 4635 and 4641 Å. The peak of the blend is resolved in
two components which are identified as the 3S–3Po C III transitions
at 4649 and 4652 Å. This is preferred to the alternative identifi-
cation of lower excitation O II lines (but a contribution of both is
not excluded), because of a better wavelength match, and because
the C III 5696, C IV 4658, C IV 5801 and C IV 5812 lines are also
observed, showing a quite high degree of excitation in the irradi-
ated spectrum of IPHASX J194359.5+170901. This is higher than
in e.g. BE UMa, where no C IV lines are detected, but similar to
e.g. V477 Lyrae (Pollacco & Bell 1994) and ETHOS1, another new
PN with a close binary nucleus (Miszalski et al. in preparation).
Other C III and C II lines, as well as low- and high-excitation narrow
lines of other elements, are tentatively identified in the WHT spec-
trum of IPHASX J194359.5+170901. Given the limited spectral
resolution, and the uncertainty in the Doppler shift (and hence of
the line identification) introduced by the unknown contribution of
the orbital motion, we defer a more detailed analysis of the emission
line spectrum when higher quality data and a radial velocity curve
are obtained.
The continuum, dereddened using AV = 1.19 (Section 4), cannot
be fit by a single blackbody over the whole observed spectral range
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(3200–9200 Å). A single blackbody with T = 8000 K provides a rea-
sonably good fit only for λ > 5000 Å, while a good fit to the whole
spectral range is obtained with a blackbody temperature between
6000 and 7000 K (typical of an F-type star) plus an additional much
hotter component – presumably the ionizing/irradiating primary –
whose contribution would dominate the emission at wavelengths
shorter than 4000–5000 Å. The temperature estimated for the re-
processed component of the secondary atmosphere is similar to that
determined for the companion in BE UMa.
6 D ISTANCE, M ASS, SIZE AND AG E
The distance to IPHASX J194359.5+170901 can be estimated us-
ing the relation between the Hα surface brightness and radius of
the nebula (Frew & Parker 2006). This can be seen as a variant
of the mass–radius relationship (e.g. Daub 1982), but it has
been carefully calibrated over a large range of sizes and sur-
face brightnesses and for different classes of PNe. The radius of
IPHASX J194359.5+170901, computed as the geometric mean of
the major and minor semi-axes of the inner elliptical body of the
nebula defined at 10 per cent peak brightness, is r = 10.5 arcsec.
The dereddened mean surface brightness of the nebula within this
ellipse is S(Hα) = 6.1 ± 1.3 10−15 erg cm−2 s−1 arcsec−2. It was
computed by combining the flux-calibrated Hα+[N II] IPHAS im-
ages, the narrow-band NOT images which separate the [N II]6583
and Hα emission, and the flux-calibrated WHT spectra. These fig-
ures, included in the updated log–log correlation between radius and
surface brightness for the subsample of high-excitation, optically
thin PNe2 like IPHASX J194359.5+170901, result in a distance
D = 4.6 ± 1.1 kpc. The quoted error includes the measured uncer-
tainties on S(Hα), combined in quadrature with the dispersion in
the correlation (Frew 2008).
IPHASX J194359.5+170901 is located close to the Galactic
plane (b = −3.37◦) at longitude l = 54.◦16. The systemic velocity
of the nebular ring (VLSR = +45 km s−1; see Section 3), assuming
that the nebula participates in the general circular rotation around
the Galactic Centre, would imply a lower limit of 1.6 kpc for the
distance, at 1σ of the estimated error which is mainly due to the ve-
locity dispersion ellipsoids of stars in the Galaxy (Nordstro¨m et al.
2004).
For a distance of 4.6 kpc, the ionized mass of its nebula computed
from the total Hα flux and for a standard choice of the filling factor
(0.4, with a 100 per cent uncertainty due to the highly aspherical
geometry of the nebula) is 0.06 ± 0.03 M⊙, within the range of
masses determined for other PNe (Frew & Parker 2010). The total
size of the nebula, including the faint polar extensions, is consider-
able, 2.7 pc. The kinematical age of the ring would be 5000 yr, and
the maximum age of the polar caps would be 13 000 yr.
7 D ISCUSSION
IPHASX J194359.5+170901 is a new Galactic PN with remarkable
properties. Its IAU-approved name is PN G054.2-03.4. Analysis of
the images and the [N II] line Doppler shifts indicate that its sym-
metry axis is inclined to the line of sight by 59◦, that most of the
gas was ejected in an ‘equatorial’ direction corresponding to the
observed knotty ring, and that faint ‘polar’ extensions culminate in
2 Note that this subsample includes a number of PNe with close binary
CSPNs (Frew & Parker 2007).
low-ionization caps travelling at a speed of roughly 100 km s−1. The
kinematical data would suggest a sequence of ejection from the pro-
genitor consisting of a (continuous?) polar outflow during several
103 yr, followed, a few 103 yr later, by the ejection of the envelope
along the equatorial direction. A similar age difference between the
high-velocity polar outflow and the inner nebula is computed for
Abell 63 (Mitchell et al. 2007) and Hb 12 (Vaytet et al. 2009) which
have a confirmed or suspected binary CSPN, respectively. This pic-
ture is however based on the simplistic assumption of ballistic mo-
tion, and does not take into account acceleration/deceleration due to
the hydrodynamical evolution of the structures, as well as possible
slowing down of gas with time by interaction with the environment,
which would reduce the age difference with respect to the main
equatorial outflow. Note also that this result apparently contradicts
the finding that in proto-PNe jets are produced slightly later than
equatorial tori (Huggins 2007). These molecular tori expand at a
lower speed than the ionized ring of IPHASX J194359.5+170901,
which might indicate different ejection processes or a significant
acceleration of the gas after photoionization and the fast wind
from the central star arise. However, the two samples do not
seem to be evolutionary linked as no evidence for close binary
central stars are found in the proto-PN objects (Hrivnak 2010,
in preparation).
The main result of this study is the discovery that the central star
of IPHASX J194359.5+170901 is a close binary. Its orbital period
is 1.16 d. This lies at the longer tail of the binary CSPN period
distribution (Miszalski et al. 2009a), and implies that the system
went through CE evolution before the ejection of the PN, which
made the orbit shrink to the present value. The recent discovery
of a significant number of PN binary central stars (Miszalski et al.
2009a), provides the base for a better understanding of the effects of
binarity on the mass-loss processes at the end of stellar evolution.
IPHASX J194359.5+170901 supports the increasing evidence in
PNe (but not in proto-PNe, see above) of a correlation between
the appearance of morphological features like rings and collimated
high-velocity outflows with the presence of a close binary central
star (Miszalski et al. 2009b). Strictly speaking, Abell 63 (Mitchell
et al. 2007) and IPHASX J194359.5+170901 are the only PNe with
a close binary central star for which the presence of a high-velocity
collimated outflow along the symmetry axis of the main nebula
(i.e. the polar directions) has been demonstrated. In NGC 6337, a
supersonic collimated outflow is also detected, but its orientation
with respect to the main nebular ring is not completely clear (Corradi
et al. 2000; Garcı´a-Dı´az et al. 2009). Other close binary PNe with
similar polar outflows are likely to be Sab 41 (Miszalski et al.
2009b) and ETHOS1 (Miszalski et al. 2010), but kinematical data
are needed to confirm this. Most of the other cases quoted in the
literature (see De Marco 2009), like the well studied object, K 1–2,
are instead dubious identifications (Corradi et al. 1999; Miszalski
et al. 2009b), mainly because of the lack of convincing evidence for
large expansion speeds.
Another notable characteristic of IPHASX J194359.5+170901 is
its prominent equatorial ring, a morphological feature that appears to
be distinctive of PNe with close binary central stars (Miszalski et al.
2009b). Clear examples are the already cited NGC 6337 and Sab
41, as well as Hen 2–428 (Santander-Garcı´a et al., in preparation).
SuWt 2 also falls in this morphological class, but the nature of the
central system (binary or triple?) is less clear (Jones et al. 2010).
Note that these marked equatorial outflows are also observed in
much wider binaries like the symbiotic Miras (e.g. Hen 2-147;
Santander-Garcı´a et al. 2007), as well as in massive stars (Smith,
Bally & Walawender 2007) including SN1987A (Plait et al. 1995).
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Models predict that a sudden envelope ejection results from CE
evolution and that it is strongly concentrated towards the orbital
plane (Sandquist et al. 1998). This would correspond to the ‘equa-
torial’ rings/tori observed in a number of these PNe. As discussed for
NGC 6337 (Corradi et al. 2000), the clumpy appearance of the ring
of IPHASX J194359.5+170901, in the form of low-ionization knots
with outward-facing radial tails, can be explained as density fluctu-
ations created during the envelope ejection and later exacerbated by
the action of the expanding ionization front or the post-asymptotic
giant branch (AGB) fast wind. Alternatively, the ring’s knots would
be created by radiative shocks leading to the fragmentation of the
shell without involving previous density inhomogeneities. The po-
lar outflow could then be the result of inertial confinement of the
gas, forced by the flattened deposition of the envelope, when further
shaping of the PN takes place under the action of a fast wind from
the post-AGB primary (Icke et al. 1992). Additionally/alternatively,
a strong magnetic field in the AGB envelope, especially if spun
up by the gain of orbital angular momentum during the CE phase,
might play a role in the shaping outflow both in the equatorial plane
and in the polar directions (Nordhaus, Blackman & Frank 2007; but
see Soker & Harpaz 1992). In such cases, the polar outflow would be
produced together with the ring (or later), and therefore the apparent
difference in their kinematical ages in IPHASX J194359.5+170901
(and Abell 63 and Hb 12) would not reflect a real age difference.
Another possibility is that the high-velocity polar outflow is pro-
duced before the CE phase from an accretion disc around the sec-
ondary, which can accrete matter from the wind of the primary or
via Roche lobe overflow (Soker 1998; Soker & Rappaport 2000).
This would explain why the polar outflow has a kinematical age
larger than that of the ring.
In all models the above, the inclination of the orbit of the
IPHASX J194359.5+170901 CSPN would be the same as of the
nebular ring, namely 59◦.
The radiation from the hot CSPN causes strong irradiation effects
in the illuminated side of the secondary. They dominate the spec-
trum presented in this paper, and consist of narrow lines of metals
with ionization potential as high as 64.5 eV (C IV), relatively broad
H I emission in a flat Balmer sequence, and a continuum in the
visible range that is fitted by a blackbody with temperature around
6000–7000 K plus a much hotter component. It is clear that these
remarkable characteristics invite a more detailed study of the central
source, aimed at detecting the spectral signature of the hot ionizing
star, determining the radial velocity curve for both components, and
modelling the irradiation spectrum to derive the main parameters of
the two stars. This is considered the first priority for the future.
With the data presently available, a robust upper limit of 1.0 M⊙
for the mass of the secondary can be estimated by converting the
apparent magnitude in the i band of the CSPN at minimum (cor-
rected for the adopted interstellar reddening and adopting a distance
of 4.6 kpc), to an upper limit to the absolute magnitude of the non-
irradiated side of the secondary. Assuming a mass between 0.5 and
1.0 M⊙ for the hot post-AGB star, the observed photometric period
of 1.16 d implies the separation of the two stars to be between 4
and 6 solar radii. In no case, the secondary fills its Roche lobe if it
is a main-sequence star, and no mass transfer to the post-AGB star
presently occurs in the system.
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ABSTRACT
We report on the discovery of ETHOS 1 (PN G068.1+11.0), the first spectroscopically
confirmed planetary nebula (PN) from a survey of the SuperCOSMOS Science Archive
for high-latitude PNe. ETHOS 1 stands out as one of the few PNe to have both
polar outflows (jets) travelling at 120± 10 km/s and a close binary central star. The
lightcurve observed with the Mercator telescope reveals an orbital period of 0.535 days
and an extremely large amplitude (0.816 mag) due to irradiation of the companion
by a very hot pre-white dwarf. ETHOS 1 further strengthens the long suspected link
between binary central stars of planetary nebulae (CSPN) and jets. INT IDS and VLT
FORS spectroscopy of the CSPN reveals weak N III, C III and C IV emission lines
seen in other close binary CSPN and suggests many CSPN with these weak emission
lines are misclassified close binaries. We present VLT FORS imaging and Manchester
Echelle Spectrometer long slit observations from which a kinematic model of the nebula
is built. An unusual combination of bipolar outflows and a spherical nebula conspire to
produce an X-shaped appearance. The kinematic age of the jets (1750± 250 yrs/kpc)
are found to be older than the inner nebula (900±100 yrs/kpc) consistent with previous
studies of similar PNe. Emission line ratios of the jets are found to be consistent
with reverse-shock models for fast low-ionisation emitting regions (FLIERS) in PNe.
Further large-scale surveys for close binary CSPN will be required to securely establish
whether FLIERS are launched by close binaries.
Key words: planetary nebulae: individual: PN G068.1+11.0 - binaries: close - stars:
winds, outflows - ISM: jets and outflows
1 INTRODUCTION
In the protracted debate on the shaping mechanisms of PNe
(Balick & Frank 2002) appropriate solutions are sought to
explain both the dominant nebula morphology (e.g. spher-
ical, elliptical, bipolar; Balick 1987) and the accompanying
collimated outflows or ‘jets’. Single star evolution readily ex-
⋆ Based on observations made with the Flemish Mercator and
Isaac Newton Telescopes of the Observatorio del Roque de Los
Muchachos and the Very Large Telescope at Paranal Observatory
under programs 083.D-0654(A) and 085.D-0629(A).
† E-mail: b.miszalski@herts.ac.uk
plains spherical PNe and potentially elliptical PNe if there
is interaction with the interstellar medium (ISM; Villaver
et al. 2003; Wareing et al. 2007). Highly axisymmetric or
bipolar nebulae (Corradi & Schwarz 1995) have been mod-
elled with some success including the generalised interact-
ing stellar wind model (GISW; Kwok, Purton & Fitzgerald
1978; Kwok 2000) and a combination of stellar rotation and
magnetic fields (e.g. Garc´ıa-Segura 1997). There are how-
ever fundamental limitations in both of these models. The
GISW model depends upon an assumed density contrast
to produce bipolar PNe (e.g. a dusty torus) and the latter
cannot operate without an additional supply of angular mo-
mentum (e.g. a binary companion; Soker 2006; Nordhaus,
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Blackman & Frank 2007). While there are multiple advan-
tages to a binary explanation over existing theories, we are
only beginning to understand the prevalence and impact of
binarity in PNe (De Marco 2009; Miszalski et al. 2009a,
2009b, 2010).
Decisive observational evidence is required to advance
the shaping debate which is imbalanced towards theoretical
models. PNe with dusty disks seem to support the GISW
model though there appears to be a strong dependence on a
binary companion for their formation (Chesneau 2010). Sim-
ilarly, magnetic fields are difficult to observe directly in PNe
(Jordan et al. 2005; Sabin et al. 2007), yet they appear to be
more influential as part of a binary-driven dynamos (Nord-
haus & Blackman 2006; Nordhaus et al. 2007). Evidence
for close binary central stars of PNe (CSPN) that passed
through a common-envelope (CE) phase is now firmly es-
tablished and gaining considerable momentum with at least
40 now known (Miszalski et al. 2009a, 2010; De Marco et al.
2008). These make up at least 17±5% of all CSPN (Miszalski
et al. 2009a; Bond 2000).
With a larger sample of 30 post-CE nebulae Miszalski
et al. (2009b) found at least 30%, perhaps 60–70%, of post-
CE binaries had bipolar nebulae suggesting the CE phase
preferentially shapes bipolar nebulae. This is a substantial
improvement over the study of Bond & Livio (1990) whose
sample of around a dozen close binaries showed no clear
morphological trends. High resolution kinematics of nebulae
around post-CE CSPN have shown a tendency for matched
orbital and nebulae inclinations that strengthen the connec-
tion between the binary and its nebula (e.g. Mitchell et al.
1997; Jones et al. 2010). Further progress in this aspect will
require a statistically significant sample of post-CE nebu-
lae to be identified and studied in detail to reveal trends
bestowed upon the nebula during the CE phase (Miszalski
et al. 2010). Miszalski et al. (2009b) made the first steps
in this direction by finding a propensity for low-ionisation
structures (Gonc¸alves et al. 2001) amongst post-CE nebulae
either in the orbital plane as a ring (e.g. Sab 41, Miszalski
et al. 2009b; the Necklace, Corradi et al. 2010) and in the
polar direction as jets (e.g. A 63, Mitchell et al. 2007).
Jets occur in a wide variety of astrophysical objects in-
cluding PNe in which they are the least understood (Livio
1997). The connection between jets and binarity has long
been suspected (Soker & Livio 1994) but never proven given
the paucity of known PNe with jets and binary CSPN. Jets
in PNe typically have low outflow velocities (∼100 km/s),
but higher velocities of 200–300 km/s are not uncommon,
e.g. M 1-16 (Schwarz 1992; Corradi & Schwarz 1993), NGC
6337 (Corradi et al. 2000) and NGC 2392 (Gieseking, Becker
& Solf 1985), and can even reach 630 km/s in the case of
MyCn 18 (O’Connor et al. 2000). There is no strong evi-
dence for highly collimated outflows (e.g. Herbig-Haro-like
outflows) in genuine PNe and Frew & Parker (2010) sug-
gest the few objects with the most collimated outflows are
instead related to B[e] stars. The most striking example is
Hen 2-90 (Sahai & Nyman 2000) which was later reclassified
as a B[e] star (Kraus et al. 2005; Frew & Parker 2010).
Instead, jets in PNe manifest as point-symmetric
‘corkscrew’-like outflows (Lo´pez et al. 1993; Va´zquez et al.
2008) or as pairs of opposing knots often called fast low-
ionisation emitting regions (FLIERS; see e.g. Balick et al.
1987, 1993; Dopita 1997) with notable examples being Hb 4
(Lo´pez et al. 1997; Harrington & Borkowski 2000; Miszalski
et al. 2009b), NGC 6337 (Corradi et al. 2000; Garc´ıa-Dı´az
et al. 2009), A 63 (Mitchell et al. 2007), IC 4634 (Guerrero
et al. 2008), IC 4673 (Kovacevic et al. 2010), Sab 41 (Mis-
zalski et al. 2009b) and the Necklace (Corradi et al. 2010).
Further examples are listed by Gonc¸alves et al. (2001) and
Harrington & Borkowski (2000).
Point-symmetric jets have received the most attention
in the literature with models consisting of an episodic pre-
cessing jet powered by an accretion disk in a wide binary
with Porb∼a few years (e.g. Raga, Canto´ & Biro 1993; Cliffe
et al. 1995; Haro-Corzo et al. 2009; Raga et al. 2009). Pre-
cession helps smear out or widen the jet and may also ex-
plain the often ‘bent’ position of jets with respect to the
presumed major axis (e.g. Hb 4 and Sab 41). Some jets ap-
pear in two pairs (e.g. NGC 6337) and these may have arose
from multiple ejections (e.g. Nordhaus & Blackman 2006).
A similar scenario involves a short-lived ‘wobbling’ accre-
tion disk (Livio & Pringle 1996, 1997; Icke 2003) and mod-
els with magnetic fields have also successfully been applied
to the problem (Garc´ıa-Segura 1997). Dynamical lifetimes
of jets suggest they are ejected well before the main nebula
(Mitchell et al. 2007; Corradi et al. 2010), i.e. before the CE
is ejected if a close binary is present, and this is consistent
with the short-lived nature of the modelled accretion disks.
The most constructive way to establish the link between
jets and binaries is to look for binary CSPN in a large sam-
ple of PNe with jets. This is one of the major aims be-
hind our ongoing program to look for close binary CSPN
via the photometric monitoring technique (Miszalski et al.
2010). We are also targeting bipolar PNe and through non-
detections we will also be able to discern whether larger
orbital periods produce point-symmetric jets rather than
FLIERS. The program has been very successful so far with
at least five close binary CSPN found using the 1.2-m Flem-
ish Mercator telescope. These include the Necklace and its
Supernova 1987A-like ring (Corradi et al. 2010), the Type
Ia supernova candidate double-degenerate nucleus of Hen 2-
428 (Santander-Garc´ıa et al. 2010), and the subject of this
paper, ETHOS 1.
This paper is structured as follows. Sec. 2 introduces the
new survey responsible for the discovery of ETHOS 1 and
the spectroscopic confirmation of its PN status. Spectro-
scopic and photometric evidence for binarity are presented
in Sec. 3. The nebula is examined in Sec. 4 with narrow-band
images, high-resolution spectroscopy. Sec. 4.2 examines di-
agnostic emission line ratios of the jets and we conclude in
Sec. 5.
2 DISCOVERY AND PN CONFIRMATION
2.1 The Extremely Turquoise Halo Object Survey
(ETHOS)
Beyond the confines of Galactic Plane Hα surveys (Parker
et al. 2005; Drew et al. 2005) there are very few PNe cur-
rently known as less than 9% of ∼2800 Galactic PNe are
located at latitudes |b| & 10◦. Most of these were found
from visual inspection of photographic broadband sky sur-
vey plates (e.g. Kohoutek 1963; Abell 1966; Longmore 1977;
Weinberger 1977; Longmore & Tritton 1980; Hartl & Trit-
ton 1985). With the digitisation of the same material it is
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now possible to extend this work to lower surface bright-
nesses and to systematically search larger areas more effi-
ciently (Jacoby et al. 2010). The MASH-II project (Miszal-
ski et al. 2008) demonstrated that visual searches for PNe
are largely insensitive to compact or star-like PNe. Several
compact PNe were found from catalogue queries of the Su-
perCOSMOS Hα Survey (Parker et al. 2005) including the
MASH-II PN MPA 1327-6031 that lies just near the outer
lobe of the bipolar MASH PN PHR 1327-6032 (Parker et
al. 2006). The number of distant (compact) Halo PNe is
therefore essentially unknown. Further discoveries are es-
sential to determine whether Halo PNe can only be formed
via close binary evolution (Bond 2000) as there is currently
only a small amount of supporting evidence (e.g. Pen˜a &
Ruiz 1998; Tovmassian et al. 2010)
The Extremely Turquoise Halo Object Survey (ETHOS,
Miszalski et al. in prep) is a new survey designed to find
high-latitude compact PNe that would ordinarily be missed
by visual searches. ETHOS is essentially an extension to
broadband colours of the MASH-II catalogue search ap-
plied to the whole sky (excluding the Hα surveyed regions).
Currently four candidate PNe have been spectroscopically
confirmed out of a few dozen candidates identified solely
from queries of the SuperCOSMOS Science Archive (SSA,
Hambly et al. 2004), a convenient SQL interface to the en-
tire database of catalogue data generated during the digi-
tisation of SuperCOSMOS Sky Survey data (Hambly et al.
2001b). Candidates are then visualised as for MASH-II, but
this time replacing the primary colour-composite Hα (red),
SR (green) and BJ (blue) image with an IN (red), RF
(green) and BJ (blue) image (Reid et al. 1991; Hambly et
al. 2001a). The IRB image is particularly effective in dis-
tinguishing PNe apart from other objects since they often
appear with a strong turquoise hue. Figure 1 best shows the
turquoise false-colour in the discovery image of ETHOS 1,
the first PN candidate identified during the design phase
of ETHOS (Miszalski 2009). The object was selected based
on the colours of the inner nebula but the presence of faint
extensions either side made it stand out amongst the other
candidates. Further details of the survey and initial results
will be presented elsewhere (Miszalski et al. in prep).
2.2 Spectroscopic confirmation of ETHOS 1
ETHOS 1 was observed during Isaac Newton Telescope
(INT) service time with the Intermediate Dispersion Spec-
trograph (IDS) on 10 March 2009. The R300V grating was
used at a central wavelength of 5400 A˚ to provide wave-
length coverage from 3300–8000 A˚ at a dispersion of 1.87
A˚/pixel. The spectrograph slit was placed along the jets at
a position angle (PA) of 149◦ and its width of 1.0′′ gave a res-
olution of 5 A˚ (FWHM) at 5400 A˚. One 30 minute exposure
was taken at an airmass of 1.51 followed by a 30 s exposure
of the spectrophotometric standard star HD 192281 at an
airmass of 1.72 with an 8′′ slit. Standard reductions were
performed with IRAF and four different extractions corre-
sponding to different nebula regions were made using the
IRAF task apall. The stellar continuum of the CSPN was
traced to guide the extractions. Aperture sizes used were 6
pixels for the CSPN (2.4′′), 54 pixels for the inner nebula
(21.6′′, which includes the CSPN), 19 pixels for the SE jet
(7.6′′) and 23 pixels for the NW jet (9.2′′). The jet extrac-
Figure 1. Discovery image of ETHOS 1 made from IN (red),
RF (green) and BJ (blue) POSS-II SuperCOSMOS Sky Survey
images (Reid et al. 1991; Hambly et al. 2001a). The turquoise
hue is typical of PNe in this particular colour-composite image
combination. North is to top and East to left in this 1 × 1 arcmin2
image.
Table 1. Basic properties of ETHOS 1.
PN G 068.1+11.0
RA (J2000) 19h16m31.5s
Declination (J2000) +36◦09′47.9′′
Diameter (main nebula) 19.4′′
Jet length (tip-to-tip) 62.6′′
c(Hβ) 0.18
Heliocentric Radial Velocity −20 km/s
tion widths were measured from the jet tips inward towards
the CSPN. The extractions were then flux calibrated in the
standard fashion with the aforementioned standard.
Figure 2 shows the IDS spectra that confirm the PN na-
ture of ETHOS 1 (PN G068.1+11.0) whose basic properties
are given in Tab. 1. We measured c, the logarithmic extinc-
tion at Hβ, to be 0.18 using the Howarth (1983) reddening
law and Te = 17700 K (Sec. 4.2). The high ratio of He II
λ4686/Hβ & 1.1 in the main nebula is typical of very high
excitation PNe at high Galactic latitudes in which all the he-
lium is doubly ionised giving a mass-bounded, optically thin
nebula (Kaler 1981; Kaler & Jacoby 1989). Similar emission
line intensities are also found in the post-CE PNe K 1-2
(Exter et al. 2003) and the Necklace (Corradi et al. 2010),
but in our case we do not find any low-ionisation species in
the main nebula perhaps suggesting a slightly higher CSPN
temperature. The only low-ionisation species are found in
the tips of the jets which are caused by shocks (Sec. 4.2).
Besides the [Ne V] and [Ar V] emission found close to the
hot CSPN, the CSPN spectrum also shows C III λ4650, C
IV λ5801, λ5812 and λ7726 as the signature of an irradiated
close companion (Sec. 3.1).
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Figure 2. INT IDS spectroscopy of ETHOS 1. No nebular subtraction was made for the CSPN spectrum.
3 THE BINARY CENTRAL STAR
3.1 An irradiated spectroscopic binary
ETHOS 1 was also observed with the FORS2 instrument
(Appenzeller et al. 1998) under the VLT visitor mode pro-
gram 083.D-0654(A) on 14 July 2009. The objective of this
program was to measure the radial velocity curves of binaries
discovered by Miszalski et al. (2009a), however inclement
weather forced the execution of a backup program in which
ETHOS 1 was included. The blue optimised E2V detector
from FORS1 was used in combination with the 1200g grism
to give continuous wavelength coverage from 4058–5556 A˚.
The CCD was readout with 2× 2 binning to give a disper-
sion of 0.72 A˚/pixel, a spatial resolution of 0.252′′/pixel and
a resolution measured from arc lines of 1.57 A˚ (FWHM) at
4800 A˚.
A 40 minute spectrum of ETHOS 1 was obtained at an
airmass of 2.04 and the seeing varied between 1.0–1.3′′under
thin-thick cloud (relative flux rms up to 0.07) limiting the
SNR in the continuum to ∼40 near He II λ4686. The 0.7′′ slit
was placed at PA = 144◦ to cover the jets but because of the
gap between FORS chips not all of the NW jet was observed.
The spectroscopic data were processed using the ESO FORS
pipeline and the iraf task apall was used to make three
extractions using the CSPN continuum as a reference. These
were 8 pixels for the CSPN (2.0′′), 84 pixels for the inner
nebula (21.2′′, which includes the CSPN) and 70 pixels for
the SE jet (17.6′′). The jet extraction widths were measured
from the jet tips inward towards the CSPN. Each spectrum
was flux calibrated using a 300s exposure of the CSPN of
NGC 7293 (Oke 1990) obtained at the end of the same night
at an airmass of 1.27 and a slit width of 0.7′′. The final
spectra are depicted in Fig. 3.
Features identified in the IDS and FORS CSPN spectra
are typical of an irradiated close binary CSPN (Pollacco &
Bell 1993, 1994). The hot primary is revealed by He II λ4686,
λ5412 in absorption and the primary is irradiating a main-
sequence companion to produce N III (λ4634.14, λ4640.64),
C III (λ4647.42, λ4650.25) and C IV (λ4658.30, λ5801.33,
5811.98, λ7726.20) emission lines. These lines originate from
the irradiated zone on the side of the companion facing the
primary and therefore serve as a proxy for the motion of
the secondary. However, it should be noted that these lines
sample the centre of light and not the centre of mass of the
secondary (e.g. Exter et al. 2003).
To measure any shifts present we used the [O III] and
Hβ emission lines of our FORS spectrum of the inner nebula
as a reference. The systemic heliocentric velocity of the inner
nebula was set to be Vsys = −20 km/s from higher resolution
spectroscopy (Sec. 4.1). The N III λ4640.64, C III λ4647.42,
λ4650.25, and C IV λ4658.30 emission lines gave an average
Vsec = −122.0 ± 4.6 km/s. Estimating Vpri is much more
difficult given the prominent nebular He II emission but the
He II λ4686 absorption line is present (albeit at low S/N,
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Figure 3. VLT FORS spectroscopy of ETHOS 1. No nebular subtraction was made for the rectified CSPN spectrum.
Fig. 3) and redshifted compared to the nebula velocity. The
exact line profile centre is difficult to establish given the
nebular emission and the chance that the line core may be
partially filled in by irradiated emission. The large uncer-
tainty means we can only estimate Vpri ∼ 105 ± 80 km/s.
Our single epoch spectrum therefore confirms the presence of
a spectroscopic binary with both components well separated
from each other and the nebula. Given the large uncertainty
in Vpri and the lack of a well-sampled radial velocity curve
it is premature to estimate the masses of each component
at this stage.
An important corollary is that the presence of the N
III, C III and C IV emission lines alone would ordinarily be
sufficient grounds for a weak emission line star or wels clas-
sification (Tylenda et al. 1993; Marcolino & Arau´jo 2003).
The wels are a heterogeneous class of CSPN that are poorly
defined (Fogel, De Marco & Jacoby 2003) and do not fit well-
established classification schemes (Me´ndez 1991; Crowther
et al. 1998; Acker & Neiner 2003). According to Tylenda
et al. (1993), wels are identified by (i) C IV λ5801, 5812
weaker and narrower than in [WC] CSPN, (ii) very weak or
undetectable C III λ5696, and (iii) the emission complex at
λ 4650. However, this is exactly what is observed in many
close binary CSPN with the best examples being Abell 46
(Pollacco & Bell 1994), ETHOS 1 (Fig. 3) and the Necklace
(Corradi et al. 2010). Many wels are therefore likely to be
misclassified close binaries (Miszalski 2009). Further exam-
ples will be presented elsewhere and we expect further high
resolution spectroscopic observations of so-called wels will
identify further close binaries.
3.2 Lightcurve
Time series photometry of ETHOS 1 was obtained with
the MEROPE camera (Davignon et al. 2004) on the 1.2-
m semi-robotic Flemish Mercator Telescope (Raskin et al.
2004) from 24 August 2009 to 4 September 2009. Figure 4
shows the lightcurve phased with our ephemeris: HJD (min.
I) = 2455076.0312±0.0007 + (0.53512±0.00019) E. The IDS
and FORS spectra taken earlier during the same year cov-
ered phases 0.40–0.44 and 0.80–0.85, respectively. As for the
Necklace, the observed periodic variability is clear evidence
of binarity. A sine fit to the lightcurve gives a very high am-
plitude of 0.816 mag that indicates a very hot primary irradi-
ating a cool main-sequence companion (see e.g. Fig. 1 of De
Marco et al. 2008). Such a large amplitude places ETHOS 1
amongst a small group of post-CE binaries showing extreme
irradiation effects with only Sab 41 having a larger ampli-
tude (I = 0.849 mag, Miszalski et al. 2009a). The next
largest amplitudes are found in the Necklace (I = 0.747
mag, Corradi et al. 2010) and K 1-2 (V = 0.680 mag, Ex-
ter al. 2003). There are no other post-CE binaries without
354 The Influence of bCS on the Morphologies of PNe
6 B. Miszalski et al.
visible nebulae that come close to these extreme amplitudes
simply because they have evolved significantly further along
the white dwarf cooling track (Aungwerojwit et al. 2007;
Shimansky et al. 2009).
4 THE NEBULA
4.1 Morphology and Kinematics
Narrow-band images of 300 s duration each were obtained
during the VLT visitor mode program 085.D-0629(A) on
19 June 2010 with the FORS H Alpha+83, OIII+50 and
OII+44 filters. The central wavelengths and full widths
at half maximum (FWHM) of each filter are 656.3/6.1
nm, 500.1/5.7 nm and 377.6/6.5 nm, respectively. Note the
H Alpha+83 filter includes the [N II] λ6548, λ6583 emis-
sion lines. Figure 5 presents a montage of the images which
show three components to ETHOS 1: (i) The main nebula
19.4′′ across measured at 10% of the peak Hα intensity, (ii)
the jets measuring 62.6′′ tip-to-tip also at 10% of the peak
Hα intensity, and (iii) a faint bipolar outflow best visible in
[O III] (Fig. 5c).
The absence of an inner ring of low-ionisation structures
(LIS) sets ETHOS 1 apart from the other nebulae surround-
ing high-amplitude close binaries including K 1-2 (Exter et
al. 2003), Sab 41 (Miszalski et al. 2009b) and the Necklace
(Corradi et al. 2010). As the UV radiation field is compara-
bly high in the other objects this may indicate the ring never
existed rather than recent ablation of an LIS ring. There are
in fact no low-ionisation species detected in ETHOS 1 ex-
cept for in the shocked jet tips described in Sec 4.2. A faint
detection in the [O II] image is due to the nebula continuum
since there is no [N II], [S II] or [O II] emission recorded by
our INT spectrum of the main nebula (Fig. 2).
Spatially resolved long slit echelle spectra of ETHOS 1
were made using the second Manchester Echelle Spectrom-
eter on the 2.1-m San Pedro Ma´rtir Telescope (Meaburn et
al. 2003). The primary spectral mode was used with nar-
rowband filters to isolate the [O III] λ5007, Hα and [N II]
λ6548, 6583 emission lines. Observations were performed on
23 September 2010 with a 2′ × 2′′ slit and the Thomson
2K×2K CCD which gave a spatial scale of 0.38′′/pixel and a
resolving power of R ∼ 30000 (2.82 km/s per pixel). A series
of 1800 s exposures were taken with the slit oriented approx-
imately along the minor (PA=60◦) and major (PA=147◦)
axes.
Figure 6 presents the emission line position-velocity
(PV) diagrams observed. Alongside these are the same PV
diagrams extracted from a shape (Steffen & Lo´pez 2006)
best-fitting spatio-kinematic model of ETHOS 1 built fol-
lowing Jones et al. (2010). Figure 7 shows the model that was
inspired by the faint Hb 12-like bipolar extensions (Vaytet
et al. 2009) that are visible in Fig. 5c. The basic compo-
nents are a spherical outflow and nested thin-walled bipolar
outflows. The inner bipolar outflow helps reproduce the X-
shape and the outer (possibly related) Hb 12-like bipolar
outflow protrudes from the central sphere. Our approach
was not tailored to each emission line observed, but instead
aimed to create a good overall approximation to the features
seen in Figs. 5 and 6. The jets were not incorporated in our
model but they appear to be well-aligned to the major axis
Figure 7. A shape spatio-kinematic model of ETHOS 1.
unlike other PNe (e.g. Hb4). The faint bipolar extensions
(Fig. 5c) were included in our model but their low surface
brightness precluded their detection on the 2.1-m telescope
at this resolution. We note that no attempt has been made
to replicate the relative surface brightnesses of each compo-
nent in the model and deeper observations should be able
to detect these fainter features.
Along the major axis the PV diagrams of the inner neb-
ula display a figure-of-eight profile best seen in Hα that is
typical of a bipolar outflow with a ‘pinched’ waist (e.g. Icke,
Preston & Balick 1989). This bipolar profile is also appar-
ent in [O III], but is far more irregular and lacks emission
from the central region. The southern component splits into
two velocity components that are consistent with the front
and back walls of a hollow bipolar shell. A velocity ellipse is
also seen in the [O III] profile surrounding the figure-of-eight
profile. This is consistent with a spherical shell of material
and the minor axis PV diagrams support this interpretation.
Along the minor axis the outer ellipse represents the spheri-
cal shell, while the inner knot at negative velocity represents
the pinched bipolar shell (e.g. Vaytet et al. 2009). There is
a small amount of asymmetry in the minor axis which is
partly due to imperfect alignment of the slit along the axis
and partly intrinsic.
No emission is detected from the central region in [N II]
consistent with our other observations. There is however an
elongated excess of Hα emission in the inner nebula aligned
along the major axis that is not matched in [O III] (e.g. Fig.
5a). While this could be explained by ionisation stratifica-
tion (e.g. the same feature may be visible in O V or O VI),
it may also be related to similar but ‘tilted’ inner nebulae in
PN G126.6+01.3 (Mampaso et al. 2006), M 2-19 (Miszalski
et al. 2009b) and A 41 (Miszalski et al. 2009b; Jones et al.
2010). We suggest these nebulae could be the remnants of
a precessing jet (Haro-Corzo et al. 2009; Raga et al. 2009)
or nozzle (Balick 2000). The uncanny resemblance between
PN G126.6+01.3 and the models of Haro-Corzo et al. (2009)
supports this hypothesis.
The symmetry axis of our best-fitting shape model has
an inclination of 60 ± 5 degrees to the line of sight. This
inclination is consistent with the non-eclipsing lightcurve,
David Jones 355
ETHOS 1 7
Figure 4. Mercator lightcurve of ETHOS 1 phased with P = 0.53512 days. The curve is a sinusoidal fit and phase coverage of IDS
(squares) and VLT (circles) spectra are shown.
Table 2. Distance dependent kinematic ages of nebulae and jets
of PNe with close binary nuclei.
Name tnebula tjets Reference
(yrs/kpc) (yrs/kpc)
A 63 3500 ± 200 5200 ± 1200 Mitchell et al. (2007)
Necklace 1100 ± 100 2350 ± 450 Corradi et al. (2010)
ETHOS 1 900 ± 100 1750 ± 250 this work
the high degree of mirror symmetry evident in the main
nebula about the minor axis and the large visibility fraction
of the jets. A heliocentric radial velocity of −20±5 km/s was
determined from our model for the nebula. The expansion
of the model nebula follows a Hubble-type flow, where all
velocities are proportional to the radial distance from the
nebular centre, equivalent to an expansion velocity of 55
km/s at the edge of the spherical component. This is above
average for a PN but not unexpected for a bipolar outflow
(Corradi & Schwarz 1995) with He II λ6560 present (Richer
et al. 2008). Figure 3 shows He II λ4859 and we confirm the
detection of He II λ6560 in our MES spectroscopy.
Although the distance to ETHOS 1 is unknown, the
spatio-kinematic model was used to determine the kinemat-
ical age per kpc of the inner nebula as 900±100 years kpc−1.
Similarly, assuming the jets have the same inclination as the
internal bipolar structure, we find their kinematical age to
be 1750±250 years kpc−1 at their tips, almost double that of
the central region! The velocities of the jet tips reach −55±5
km/s (SE jet) and 65±5 km/s (NW jet). Their deprojected
velocities at our assumed inclination are −110 ± 10 km/s
and 130 ± 10 km/s, respectively.
4.2 Emission line diagnostics
Table 3 gives our measured emission line intensities for our
extracted IDS and FORS spectra. Dereddened intensities
were calculated using the Howarth (1983) reddening law and
c = 0.18. As Exter et al. (2003) point out an abundance
analysis for such high excitation nebulae requires photoion-
isation modelling to properly measure the chemical abun-
dances. Since our spectral information is rather limited and
lacks reliable UV and far-blue coverage we postpone this
work for now. Abundances of the jets are likely heavily dis-
torted by their shocked nature, but we can investigate their
emission line ratios for diagnostic purposes.
The nebular package in iraf (Shaw & Dufour 1995)
was used to determine electron temperatures and densities
in the main nebula and SE jet. Assuming ne = 1000 cm
−3,
the main nebula has a very hot Te = 17700± 500 K. This is
comparable to K 1-2 with Te = 17500±1000 K, but is larger
than Te = 14800
+530
−460 K measured in the Necklace (Corradi
et al. 2010). The [Ar IV] λ4711/4740 density diagnostic from
our VLT spectrum lies near the lower density limit so we find
ne = 850 ± 1000 cm
−3. We also find the jets to be cooler
Te = 12900± 1000 K and to have a similarly low density by
using the [S II] λ6731/6717 diagnostic to provide an upper
limit of ne . 1000 cm
−3.
The emission line ratios from separate extractions of
the jet tips in Tab. 3 can be compared to model predic-
tions (Dopita 1997; Raga et al. 2008). These works aim to
reproduce FLIERS as the result of shocks in the strongly
photoionised medium provided by the CSPN giving the ap-
perance of a ‘reverse-shock’. In ETHOS 1 the presence of
[O III] in the jet and its relatively low Te =12900 K indi-
cates strong radiative cooling is occurring in the post-shock
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Figure 5. A montage of VLT FORS ETHOS 1 images. (a) Colour-composite of Hα+[N II] (red), [O III] (green) and [O II] (blue); (b)
and (e) Hα+[N II]; (c) and (f) [O III]; (d) [O II]; Each image measures 1× 1 arcmin2 with North up and East to the left.
Figure 6. Model and observed position-velocity diagrams for the major (PA=147◦) and minor (PA=60◦) axes of ETHOS 1. The velocity
scale is centred on the model-derived heliocentric radial velocity of −20 km/s. The jets are not incorporated into the models and our
observations are not sensitive to the faint bipolar outflow (major axis model). The orientation of the major and minor axes are North is
up and East is up, respectively.
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Table 3. Measured (Fλ) and dereddened (Iλ) nebula emission line intensities using c = 0.18.
Component: Main Nebula SE Jet Tip NW Jet Tip Main Nebula SE Jet Whole
Instrument: IDS IDS IDS FORS FORS
Identification Fλ Iλ Fλ Iλ Fλ Iλ Fλ Iλ Fλ Iλ
[Ne V] 3425† 122 140 - - - - - - - -
[O II] 3727† - - 642 713 133 148 - - - -
[Ne III] 3869† 38 42 133 147 67 73 - - - -
[Ne III]+HeI/II 3968† 38 41 - - - - - - - -
Hδ 4101† 40 44 - - - - 25.8 27.8 28.8 31.0
He II 4200 - - - - - - 4.3 4.6 - -
C II 4267 - - - - - - 3.2 3.4 - -
Hγ 4340 51 54 - - - - 45.7 48.1 45.7 48.2
[O III] 4363 ∗ ∗ - - - - 9.7 10.3 11.1: 11.7:
He I 4471 - - - - - - - - 6.4: 6.6:
He II 4541 - - - - - - 3.9 4.0 - -
He II 4686 115 117 20: 21: 50: 51: 111.8 113.8 61.1 62.2
[Ar IV] 4711 ∗ ∗ - - - - 11.8 12.0 - -
[Ne IV] 4725 - - - - - - 2.2 2.2 - -
[Ar IV] 4740 ∗ ∗ - - - - 9.0 9.1 - -
Hβ 4861 100 100 100 100 100 100 100.0 100.0 100.0 100.0
[O III] 4959 128 127 317 313 317 313 132.5 131.2 299.5 296.6
[O III] 5007 404 398 975 960 960 946 393.1 387.3 891.5 878.3
He II 5412 10: 10: - - - - 8.9 8.4 4.2: 4.0:
[O I] 6300 - - ∗ ∗ 33: 30: - - - -
[Ar V] 6434 5: 1: - - - - - - - -
[N II] 6548 - - 57 50 79 69 - - - -
Hα 6563 317 278 304 266 293 257 - - - -
[N II] 6583 - - 204 179 273 239 - - - -
[S II] 6717 - - ∗ ∗ 48: 42: - - - -
[S II] 6731 - - ∗ ∗ 43: 38: - - - -
[Ar V] 7005 12: 10: - - - - - - - -
[Ar III] 7135 11: 9: 37 31 42 36 - - - -
[Ar IV]+He II 7175 ∗ ∗ - - - - - - - -
N I 7452 - - 59 49 - - - - - -
log([O III] 5007/Hα) - 0.16 - 0.56 - 0.57 - - - -
log([O III] 5007/Hβ) - 0.60 - 0.98 - 0.98 - - - -
log([N II] 6583/Hα) - - - −0.17 - −0.03 - - - -
log([S II]/Hα) - - - - - −0.50 - - - -
log([S II] 6731/Hα) - - - - - −0.83 - - - -
log([O I] 6300/Hα) - - - - - −0.94 - - - -
log([O II] 3727/[O III] 5007) - - - −0.13 - −0.80 - - - -
log([O II] 3727/Hβ) - - - 0.85 - 0.17 - - - -
†Lines more uncertain in IDS spectra because of bright sky background.
:Low S/N measurement.
∗Line present but too low S/N to be measured.
region. We find the line ratios agree well with log U2 ∼ −4.4
from Dopita (1997) and the measured values of FLIERS in
NGC 6543 and NGC 7009 (Raga et al. 2008). The Raga et
al. (2008) models systematically underestimate the [O III]
λ5007/Hα ratio, although this is probably due to the rel-
atively low stellar temperatures adopted in their models.
The spatial distribution of the key emission lines Hα, [N II]
λ6583 and [O III] λ5007 are also consistent with the Raga
et al. (2008) models. Figure 8 presents spatial profiles of
these lines where the CSPN continuum was subtracted from
extractions adjacent to the lines. The results qualitatively
agree with both IC 4634 and the models presented by Raga
et al. (2008) with [N II] extending ∼2′′ further out than the
other emission lines. This effect is also evident in Fig. 5a.
5 CONCLUSIONS
We have introduced ETHOS 1 (PN G068.1+11.1), the first
spectroscopically confirmed PN discovered from the Ex-
tremely Turquoise Halo Object Survey (ETHOS, Miszalski
et al. in prep). An irradiated close binary central star was
discovered with an orbital period of 0.535 days and an am-
plitude of 0.816 mag. The extreme amplitude is second only
to Sab 41 (Miszalski et al. 2009a) and is consistent with the
presence of a very hot central star that produces the highly
ionised nebula (Te = 17700 K). The Necklace (Corradi et
al. 2010) and K 1-2 (Exter et al. 2003) also share similarly
large amplitudes and high-ionisation nebulae, although the
absence of low-ionisation filaments in ETHOS 1 may suggest
a slightly different evolutionary history. VLT FORS spec-
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Figure 8. Spatial profile of the Hα, [N II] λ6583 and [O III]
λ5007 emission lines from the INT IDS spectrum. The insets show
normalised profiles of the ends of the jets. No dereddening has
been applied.
troscopy of the CSPN confirms the presence of a close bi-
nary with a large velocity separation between primary and
secondary components and the nebula. The presence of N
III, C III and C IV emission lines continues the trend seen
in other irradiated close binary CSPN. These weak emission
lines are typical of many CSPN classified as wels in the liter-
ature and we expect many of these will turn out to be close
binaries. Further observations are required to constrain the
orbital inclination, masses and radii of the binary CSPN.
A spectacular pair of jets travelling at 120 ± 10 km/s
accompanies the inner nebula of ETHOS 1 adding further
evidence towards the long suspected relationship between
binary CSPN and jets. Their tips present emission line ra-
tios that are consistent with shocked models of FLIERS in
PNe. The fact that the jets are detached suggests a limited
period of jet activity consistent with a transient accretion
disk before the CE is ejected. The kinematic age of the jets
(1750 ± 250 yrs/kpc) was found to be older than the in-
ner nebula (900 ± 100 yrs/kpc) supporting this hypothesis.
ETHOS 1 therefore continues to follow this trend previously
identified in A 63 (Mitchell et al. 2007) and the Necklace
(Corradi et al. 2010). Both ETHOS 1 and the Necklace have
younger kinematic ages than A 63 consistent with the appar-
ent ongoing cooling in the younger jets via [O III] emission.
A close binary engine powering jets is out of place in the
literature with most models of jets incorporating orbital pe-
riods of several years (Cliffe et al. 1995; Haro-Corzo et al.
2009; Raga et al. 2009). These models may be adequate if the
accretion disk is established before the companion begins its
in-spiral phase as our kinematic ages suggest. Nevertheless,
new models with shorter orbital periods may be necessary to
model the jets in objects like ETHOS 1 which are relatively
more collimated than extant model jets.
VLT FORS imaging and MES high-resolution spec-
troscopy of the inner nebula of ETHOS 1 was conducted.
TheX-shaped inner nebula was reconstructed using a shape
kinematic model consisting of bipolar outflows and a spher-
ical nebula. The faint bipolar extensions particularly visible
in the [O III] FORS image could be an earlier ejection oc-
curring at about the same time as the jets or alternatively
may represent a bubble produced by the jets clearing out a
cavity around the PN. Similar bipolar outflows are seen in
A 65 (Walsh & Walton 1996), PPA 1759−2834 (Miszalski et
al. 2009b) and Fg 1 (Boffin & Miszalski in prep.) suggesting
they may have a binary-related origin. It may also be possi-
ble that ETHOS 1 represents a slightly more evolved state
of Hb 12 (Vaytet et al. 2009) where the spherical nebula is
ejected on top of a pre-existing Hb 12 system.
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